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Urbanisation has major effects on nearby streams, particularly on sensitive waterways such as 
those in the Sydney and Blue Mountains regions. Urban streams exhibit a distinct pattern of 
degradation, including elevated pH, elevated electrical conductivity, and elevated 
concentrations of ions and heavy metals, such as calcium, potassium, bicarbonate, chromium, 
copper, and lead. Recent research indicates that the weathering of urban concrete 
infrastructure impacts nearby stream chemistry in a manner consistent with this distinct urban 
geochemical stream signature. However, data explaining the source of these contaminants is 
limited and there is little research regarding how these chemical differences will affect stream 
ecosystems. 
This study investigated the continued effects of urbanisation on sensitive, endangered, high 
conservation ecosystems known as Blue Mountains Upland Swamps. The naturally acidic 
and dilute water chemistry of these ecosystems means that they are ideal for examining the 
urban geochemical signature seen in streams across the world. Water, sediment and plant 
tissue chemistry was examined for four naturally vegetated and four urban Blue Mountains 
Upland Swamps, to assess the extent of the impact of urban development on these fragile 
ecosystems. Additionally, through conducting water recirculation experiments, this study 
aimed to provide further experimental verification of the link between concrete and changed 
stream chemistry. Finally, this study examined the effect of urban water on the growth and 
tissue content of a prevalent weed species, with the aim of assessing the broader ecosystem 
effects that geochemical modification of urban streams may have.  
Findings of this study indicate that the water chemistry of urban BMUS is significantly 
degraded. Results also demonstrate the potential for concrete materials to significantly 
modify water chemistry and leach numerous metal contaminants. Furthermore, findings 
indicate that concrete-exposed water in some way gives a growth advantage to invasive 
species. Overall, results of this study indicate that the weathering of urban concrete 
infrastructure likely plays a key role in the degradation of urban streams, affecting water and 
sediment chemistry. It is therefore recommended that concrete materials be used with caution 
in settings that may be exposed to water and that alternative materials be sought, particularly 
in catchments of fragile or high conservation waterways. Additionally, future water sensitive 
urban design principles should take the chemical modification of urban streams and the 




As the world’s population grows, so does the demand for urban development (Walters, Roy 
and Leigh 2009). Consequently, area of land used for residential, commercial, industrial, and 
transportation purposes has increased dramatically over the last fifty years (Wenger et al. 
2009). This has affected many aspects of the environment, including waterways. Catchment 
urbanisation results in various changes to nearby aquatic ecosystems in what is known as the 
‘urban stream syndrome’ (Meyer, Paul and Taulbee 2005; Paul and Meyer 2001; Wenger et 
al. 2009). Across the world, streams with urban catchments exhibit a consistent pattern of 
degradation, with urban streams generally having more drastic flow events, altered channel 
structure, elevated concentrations of nutrients and contaminants, and reduced biotic richness 
(Walsh et al. 2005). 
Urbanisation generally involves a large increase in the proportion of a catchment covered by 
impervious or hard surfaces such as paths, roads, driveways, gutters, drains and roofs (Davies 
et al. 2010a). This increase in hard surfaces can have major effects on water flow within the 
catchment (Vietz et al. 2014). Natural surfaces such as bushland and grass are absorbent and 
allow rainwater to filter slowly through the soil, into the groundwater and eventually into 
nearby waterways. However, in areas where there is a greater proportion of impervious 
surfaces, rainwater flows directly and rapidly into nearby waterways, resulting in a larger 
volume of precipitation flowing more rapidly into streams (Meyer, Paul and Taulbee 2005). 
Total imperviousness (TI), or percentage cover of impervious surfaces, is often used as an 
indicator of urban intensity and is highly positively correlated with stream degradation 
(Wenger et al. 2009). 
Additionally, in most urban areas, drainage systems are used to control flow, which increases 
the connectivity between impervious surfaces and nearby waterways (Walsh, Fletcher and 
Ladson 2005). Effective imperviousness (EI) refers to the percentage of the catchment area 
that has impervious surfaces directly connected to nearby streams by drainage infrastructure 
(Vietz et al. 2014). The greater the EI, the more urban runoff easily and efficiently enters 
nearby streams (Paul and Meyer 2001). When compared to naturally vegetated catchment 
areas, areas with 10-20% impervious surfaces have approximately double the runoff volume, 
while areas with 35-50% hard surface coverage have three times more (Figure 1). Catchment 
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areas with 75-100% impervious surface coverage have over five times the runoff volume 
compared to naturally vegetated catchments (Arnold and Gibbons 1996). 
Figure 1. Water cycle changes associated with urbanisation (Arnold and Gibbons 1996). 
This altered hydrology changes the physical characteristics of urban streams (Arnold and 
Gibbons 1996). The physical force of urban runoff can lead to increased erosion, increased 
channelisation and changes in how sediment settles in the stream (Walters, Roy and Leigh 
2009). Urban streams are often wider, deeper, have greater bank erosion, and have reduced 
bedload sediment compared to pristine streams (Vietz et al. 2014; Wenger et al. 2009). 
Changes to how water enters the stream can also cause decreased infiltration of rainwater to 
groundwater, meaning that groundwater supplies are diminished and thus that groundwater 
contributions to streams are reduced (Arnold and Gibbons 1996). Thus, stream flow can 




Increased TI and EI also have a range of water chemistry effects, as urban runoff often 
contains a variety of pollutants (Wenger et al. 2009). Pollutants entering waterways are 
dependent on human and animal activities and the type of surfaces present in the catchment 
area (Eriksson et al. 2005). Common pollutants include grease, litter, fertiliser, oil, pesticides, 
and heavy metals such as cadmium, chromium, copper, lead, and zinc, which are commonly 
used in car brakes, tyres and engines (Paul and Meyer 2001; Wenger et al. 2009). These 
contaminants often build up on hard surfaces in urban areas and are washed off into nearby 
waterways during rainfall (Chambers et al. 2016; Paul and Meyer 2001). If sediment is also 
washed into the drainage system, pollutants can adhere to it and thus enter the waterway 
(Paul and Meyer 2001).  This can cause a variety of adverse effects, including algal blooms 
and death of aquatic organisms, depending on the pollutants present (Arnold and Gibbons 
1996). Consequently, there is a strong correlation between proportion of impervious surfaces 
in a catchment and water quality, with major differences occurring between areas of differing 
imperviousness (Belmer, Wright and Tippler 2015; Hatt et al. 2004). 
Furthermore, increased proportion of impervious surfaces within a catchment area has a 
range of other impacts on riparian and aquatic ecosystems (Arnold and Gibbons 1996). 
Erosion due to urbanisation causes loss of riparian ecosystems, which is often exacerbated by 
vegetation clearing near urban streams (Vietz et al. 2012). However, vegetation clearing can 
also in turn contribute to erosion and compromised channel stability, as riparian vegetation is 
key in stabilising, binding and reinforcing banks and accelerating sedimentation (Gurnell, 
Lee and Souch 2007). Riparian vegetation also plays a key role in moderating stream 
temperature, trapping and processing nutrients and pollutants and contributing organic matter 
to streams, but this is bypassed by drainage infrastructure in urban areas (Wenger et al. 
2009). Changes in riparian vegetation structure are also seen in urban areas, with many 
studies noting that urban streams are dominated by invasive species, with almost no native 
riparian vegetation (Carroll, Wright and Reynolds 2018; Grella, Renshaw and Wright 2018; 
Tippler, Wright and Hanlon 2012). 
Urban streams also exhibit differences in sediment structure and composition. As channels 
become deeper and more eroded and high flows more frequent and extreme, urban streams 
often lose the loose, fine, easily moveable top sediment, resulting in more coarse sand being 
present (Paul and Meyer 2001). Sediment inputs also change (Wenger et al. 2009). At first, 
sediment supply is increased due to urban construction materials, excavations, and other 
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disturbances, but this usually lessens with time elapsed after urbanisation and, eventually, 
sediment deposition becomes rare, causing deeper channelisation (Vietz et al. 2014; Vietz et 
al. 2012). Additionally, urbanisation can also increase stream sediment organic matter, for 
example via wastewater inputs (Duan and Kaushal 2015). 
Changes in stream channel morphology and sediment structure have wider ecosystem 
impacts. Having a natural channel increases available habitat area and provides greater 
diversity in water depth and flow velocities (Vietz et al. 2012). Several studies (Carr et al. 
2000; Davies et al. 2010b; Ladson, Walsh and Fletcher 2006; Tippler, Wright and Hanlon 
2012) have observed that highly urbanised streams have strongly degraded macroinvertebrate 
communities when compared to pristine reference streams, often with lower family richness 
and fewer pollution sensitive families. Davies et al. (2010b) noted that the most significant 
determining factors in macroinvertebrate health were the percentage of the catchment area 
that was bushland, followed by the total percentage of catchment imperviousness. The 
disappearance of sensitive, native species is frequently followed by an increase in tolerant 
species, which are often non-native (Wenger et al. 2009). Sediment structure likely plays a 
role in the differences seen in macroinvertebrate communities, as more mobile sediments 
have been observed to have altered macroinvertebrate assemblages (Walters, Roy and Leigh 
2009). 
Furthermore, other studies have noted that urbanisation is associated with decreases in fish 
diversity (Ladson, Walsh and Fletcher 2006; Morgan and Cushman 2005), increases in 
pathogen concentrations (Ladson, Walsh and Fletcher 2006), changes in ecosystem process 
such as reduced nutrient uptake (Walsh et al. 2005), and changes in the mobility of aquatic 
organisms due to more frequent obstructions (Wenger et al. 2009). 
Higher percentages of impervious surfaces are associated with specific chemical 
characteristics that appear to be unrelated to pollutant runoff. Waterway chemistry is 
generally determined by the underlying geology (Wenger et al. 2009) but many studies (e.g. 
Connor et al. 2014; Davies et al. 2010a; Wright et al. 2011) have noted chemical differences 
between reference streams in nonurbanised, naturally vegetated areas and streams in urban 
areas that are not associated with the background geochemistry. Urban streams tended 
towards a higher, neutral to alkaline pH, while reference streams were acidic. Urban streams 
also had much higher EC values and higher ionic concentrations, particularly for sodium, 
chloride, potassium, bicarbonate and calcium ions. For example, calcium concentrations have 
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been observed to be almost nine times higher at streams with catchments of high impervious 
coverage,  than those in comparable reference streams (Tippler, Wright and Hanlon 2012). 
These chemical changes are associated with catchment imperviousness, as percentage of 
impervious surface coverage in a given catchment area is strongly positively correlated with 
pH and EC (Conway 2007). Additionally, streams in catchment areas of greater 
imperviousness have also been observed to have higher concentrations of nutrients such as 
phosphorous and nitrogen compared to pristine reference streams (Connor et al. 2014; 
Conway 2007; Davies et al. 2010a; Tippler, Wright and Hanlon 2012).. 
The dramatic differences in chemistry between urban and non-urban waterways has led to the 
recognition of an ‘urban geochemical signature’ characterised by modified pH and EC and 
high concentrations of ions such as calcium, potassium, magnesium, sodium, bicarbonate, 
sulphate, and chloride (Chambers et al. 2016; Connor et al. 2014; Kaushal et al. 2017). The 
UGS is seen globally across urban streams despite differences in background geochemistry 
(Chambers et al. 2016). For example, in the USA, urban waterways are frequently more 
alkaline and more saline, with increased concentrations of ions such as calcium, potassium, 
bicarbonate, sulphate, and magnesium (Connor et al. 2014; Kaushal et al. 2018; Kaushal et 
al. 2013; Moore et al. 2017). This is becoming known as “freshwater salinisation syndrome” 
(Kaushal et al. 2018) - the increase in the concentration of total dissolved solids in water 
(Kaushal et al. 2017). Freshwater salinisation is strongly positively correlated with the 
percentage of impervious surface coverage in a given catchment area (Kaushal et al. 2017; 
Kaushal et al. 2013).  
The salinisation of waterways has a variety of cascading effects. Concentrations of dissolved 
salts can have major impacts on macroinvertebate communities and likely plays a key role in 
the degraded macroinvertebrates seen in urban streams (Walters, Roy and Leigh 2009). At 
high concentrations, salts can be toxic to aquatic life and can cause changes to organisms due 
to osmotic stress and desiccation (Kaushal et al. 2018). Additionally, having increased 
concentrations of dissolved salts with strong bases and carbonates can result in increased pH, 
meaning that salinisation can lead to increased alkalinity (Kaushal et al. 2018). Changes in 
pH can, in turn, mobilise bioreactive elements such as carbon, nitrogen, phosphorous and 
sulphur (Duan and Kaushal 2015). This results in a degraded habitat for aquatic organisms 
and can impact drinking water quality, depending on the catchment (Kaushal et al. 2017). 
Furthermore, higher concentrations of salt in water can impact on the surrounding soil and 
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plants (Kaushal et al. 2017). More saline sediments are associated with an increase in 
dissolved organic and inorganic carbon release (Duan and Kaushal 2015) and salts can be 
toxic to land plants in concentrations as low as 30mg/L (Kaushal et al. 2017). 
Several studies suggest the association between increased proportion of urban surfaces and 
degraded stream chemistry is due to the weathering of urban materials (Davies et al. 2010c; 
Kaushal et al. 2017; Kaushal et al. 2018; Kaushal et al. 2013; Wright et al. 2011). In 
particular, Davies et al. (2010c) and Wright et al. (2011) suggest that these characteristic 
chemical changes seen in urban streams can at least partially be attributed to concrete, a 
prevalent urban surface. As concrete is used widely in urban construction and in the drainage 
network, any water flowing into urban streams would have had significant contact with 
concrete surfaces (Davies et al. 2010c). Thus, concrete components may leach into the 
runoff, changing its chemical composition and thereby changing the chemical composition of 
nearby streams (Connor et al. 2014). While several studies (Davies et al. 2010c; Purdy and 
Wright 2019; Wright et al. 2011; Wright et al. 2018) have made an association between 
concrete and changed water chemistry, this potential link requires more experimental 
evidence.  
Urbanisation is a growing global issue that has major effects on surface waterways, including 
streams, rivers and wetlands. While the chemical effects of urbanisation on waterways are 
well-studied and the UGS recognised globally, the cause of these chemical changes is less 
clear. Therefore, further investigation is required to examine potential factors influencing 
urban stream chemistry, particularly the potential connection to urban concrete drainage 
infrastructure. Additionally, while the degradation of urban streams, their macroinvertebrate 
communities, and riparian vegetation is well-recognised, further research is required to 
examine how changed stream chemistry might affect whole ecosystems, including plant 
growth, plant tissue composition and native animals. Examining these effects more closely 
will allow the development of better management recommendations for urban waterways, 




Therefore, this thesis aimed to: 
• Further investigate the effects of urbanisation on the sensitive, endangered ecosystem 
of Blue Mountains Upland Swamps, by investigating the water, sediment and foliage 
composition of naturally vegetated and urban swamps (Chapter One) 
• Gather more experimental evidence to determine whether concrete plays a key role in 
the chemical differences seen between urban and non-urban waterways, by 
conducting recirculation experiments exposing water to different types of concrete 
(Chapter Two) 
• Investigate how water chemistry differences affect the growth, development and 
tissue content of plants and thus to further examine how whole ecosystems may be 
affected by urban water quality changes, by growing plants under controlled 




Chapter One: Impacts of urbanisation on Blue Mountains Upland 
Swamps - A field survey 
1.1 Introduction 
The Blue Mountains National Park is a world heritage national park located in south-east 
Australia, approximately 60-180km inland from central Sydney, NSW (Figure 2) 
(Commonwealth of Australia 2008). This region is home to a unique ecological community 
known as Blue Mountains Upland Swamps (BMUS), which occurs at altitudes greater than 
650m (Belmer, Tippler and Wright 2018) in a temperate climate zone, with average daily 
maximum temperatures from 15-24°C and average annual rainfall of 800-1600mm 
(Commonwealth of Australia 2014).  
 
Figure 2. Locality of the Blue Mountains region (outlined in red) relative to 
metropolitan Sydney (Wikimedia 2019). 
BMUS can either form on steep hillsides as hanging swamps or in poorly-drained, gently 
sloping valleys as valley swamps (Commonwealth of Australia 2014). Valley swamps are 
surrounded by Eucalyptus woodland and have minimal channelisation and low flow, 
consisting of discontinuous channels, ponds and swamps (Fryirs, Freidman and Kohlhagen 
2012). In terms of vegetation, BMUS are characterised by sedge, low shrubs, and native 
grasses (Gorissen, Greenlees and Shine 2017b). Generally, a number of native shrub species 
are present in the upper regions of the swamp, including Leptospermum juniperinum (prickly 
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tea tree), Grevillea acanthifolia, and Hakea teretifolia (Dagger heath) (Fryirs et al. 2014). In 
the central swamp zone, vegetation includes ferns, sedges and tussocks, such as 
Gymnoschoenus sphaerocephalus (button grass), Lepidosperma limicola, and Gleichenia 
dicarpa (Benson 1992).  The lower swamp area is dominated by grasses and herbs (Fryirs et 
al. 2014), although individual swamp vegetation is determined by moisture availability and 
sediment depth (Benson 1992).  
BMUS have acidic, peaty soils that have moderate to high organic matter levels, a sandy or 
loamy texture, and are poorly drained and thus waterlogged (Department of the Environment 
and Energy (DEE) 2019). The peat layer of the swamp overlies low permeability sandstone 
(Benson 1992; Commonwealth of Australia 2014) and the sedimentation of sand, clay, and 
peat is determined by swamp water depth, run-off from local catchment, and the type of 
vegetation present (Commonwealth of Australia 2014). The major water source for the 
swamps is rainfall and runoff from the catchment area and thus the water quality of the 
swamp is determined by the quality of the catchment runoff (Fryirs, Freidman and Kohlhagen 
2012). 
BMUS are extremely important ecologically. Not only does swampland provide a carbon 
sink (Belmer, Tippler and Wright 2018; Moore 2002) but BMUS also provide an important 
habitat for a number of endangered plant and animal species (Figure 3), including the Giant 
Dragonfly (Petalura gigantea), the Blue Mountains Water Skink (Eulamprus leuraensis), the 
Giant Burrowing Frog (Heleioporus australiacus), and the Red-crowned Toadlet 
(Pseudophryne australia) (Blue Mountains City Council (BMCC) 2010). The Blue 
Mountains Water Skink, for example, is endangered and has been found in less than 60 sites 
(Gorissen, Greenlees and Shine 2017b). BMUS are also home to a number of other species, 
including antechinus, pygmy possums, wombats and Sydney crayfish (Gorissen, Greenlees 








Figure 3. Examples of endangered species found in BMUS, including the Red-crowned 
Toadlet (left) and the Blue Mountains Water Skink (right) (Australian Museum 2018; 
Mahony 2015). 
BMUS also play an important role in supplying and filtering water to downstream waterways. 
They absorb and store large volumes of water, which are then gradually released into nearby 
streams (Hensen and Mahony 2010). This maintains flow to waterways even in dry periods 
and moderates water influx, protecting waterways from excessive erosion (Blue Mountains 
City Council (BMCC) 2010). Furthermore, the fine-grained sediment of the swamps has a 
filtering effect, removing sediment and contaminants from water as it flows slowly through 
the swamps. Thus, BMUS act as natural biofilters, and water is purified before it reaches 
streams (Commonwealth of Australia 2014). Additionally, BMUS are located within the 
water supply catchment for Sydney and thus play a vital role in water quality and quantity in 
this catchment area (Fryirs et al. 2014). 
Residential development and growth of urban infrastructure present significant threats to 
BMUS (Department of the Environment and Energy (DEE) 2019). Many swamps in the Blue 
Mountains are located in, near, or downstream of urban areas (Department of the 
Environment and Energy (DEE) 2019). Since colonisation of the Blue Mountains, many 
swamps have been drained or modified for development purposes (Fryirs, Freidman and 
Kohlhagen 2012). BMUS are very sensitive to changes in hydrology (Commonwealth of 
Australia 2014). Continued urban development, the associated increase in hard surfaces, and 
subsequent increased runoff flow into the swamps has had a variety of negative effects on 
BMUS, including erosion, gullying, channelisation, and increased influx of sediment, 
nutrients, metals, and plant matter (Hensen and Mahony 2010). Swamps nearer to urban 
centres tend to be highly modified, highly disturbed, channelised, eroded, desiccated, and 
dominated by weed species (Hensen and Mahony 2010; Kohlhagen, Fryirs and Semple 
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2013), while swamps far from urban development, with few or no stormwater outlets and 
sealed roads in their catchment areas, tend to be pristine and intact (Kohlhagen, Fryirs and 
Semple 2013).  
Changes to swamp structure result in disruptions to water flow through the swamp - 
generally, water flows through the swamp slowly, either along the surface of the peat, 
through the sediments, or through discontinuous channels in the sediment (Fryirs et al. 2014). 
Water height and flow rate are influenced by the extent of channelisation and the 
characteristics of the underlying sediment (Commonwealth of Australia 2014). However, 
with increased runoff from urban areas, water no longer flows evenly across the swamp 
surface and is not retained in the swamp, which can cause desiccation (Hensen and Mahony 
2010). Greater runoff flow can also cause the formation of wider and deeper channels in the 
swamp area, which will exacerbate the increased water flow from the urban runoff. Changes 
in water flow will in turn affect sedimentation – previously, sediment would be distributed 
evenly across the swamp surface, but with this faster water flow, sediment will be less able to 
settle and existing sediment will be eroded (Fryirs, Freidman and Kohlhagen 2012). 
Physical modifications to the swamp area have a variety of cascading effects. Swamp 
desiccation causes native vegetation species to weaken and eventually die, which allows 
weed species to colonise the swamp area (Hensen and Mahony 2010). Consequently, urban 
BMUS are frequently dominated by weed species such as honeysuckle (Lonicera japonic), 
blackberries (Rubus spp.), willows (Salix spp.), and privet (Ligustrum sinense) (Figure 4; 
Figure 5) (Department of the Environment and Energy (DEE) 2019).  
Additionally, degradation of BMUS has been noted to have negative effects on swamp 
species. Gorissen, Greenlees and Shine (2017a) report that the sole endemic vertebrate of the 
region, the endangered Blue Mountains water skink (Eulamprus leuraensis), was recorded in 
all sampled undisturbed swamp sites, but not in any of the disturbed sites. The authors 
hypothesise that this is due to the adverse conditions in more urbanised swamps, including 
greater distance to surface water, drier soil, more bare ground, more dead vegetation, and, 
overall, a habitat that was more similar to the surrounding woodland than to the swamps. This 
study also noted that more lizard species typical of woodland habitats were present in the 
swamp region, indicating that, as swamp communities are degraded, other species begin to 




Figure 4. An example of a naturally vegetated BMUS (left) with the characteristic 
surrounding Eucalyptus woodland (upper region of picture), low shrubs (upper swamp 
catchment) and ferns, sedge and tussocks (mid swamp catchment), contrasted with an 
urban BMUS dominated by a variety of weed species such as honeysuckle and 
blackberries (Katherine Purdy 2018).  
Figure 5. An urban BMUS in Bullaburra, NSW – a) a drain directed into the swamp, b) 
surroundings of the drain and upper margins of the swamp, c) weed invasion in the 
middle of the swamp area (Katherine Purdy 2018). 
  
a)                 b)                  c)   











BMUS are particularly fragile and susceptible to the negative effects of urbanisation, as their 
natural water is acidic and dilute with a low buffering capacity (Wright et al. 2018). Many 
studies have noted that urban BMUS have been chemically as well as physically degraded 
(Belmer, Tippler and Wright 2018; Belmer, Wright and Tippler 2015; Carroll 2018). Water in 
BMUS with more urban catchment areas exhibit the characteristic urban geochemical 
signature and have higher pH, higher EC and have high concentrations of calcium, 
bicarbonate and potassium. In contrast, the water of naturally vegetated BMUS is sodium and 
chloride dominated, with other ions present at low or undetectable levels (Belmer, Wright 
and Tippler 2015). Carroll, Wright and Reynolds (2018) also observed that the chemical 
composition of sediment and foliage composition reflected the water chemistry, with elevated 
concentrations of calcium, potassium, and bicarbonate found in the sediment and foliage of 
urban swamp sites. Additionally, urban BMUS water has been found to have significantly 
higher concentrations of heavy metals such as strontium, barium, manganese, and iron than 
pristine swamp water (Carroll 2018). However, further research needs to be conducted to 
assess whether metal concentrations in water are similarly reflected in the chemical 
composition of vegetation and sediment.  
As a result of urban development in the Blue Mountains, BMUS now occupy a total area of 
less than 3000 hectares and are listed as endangered ecological communities with legislative 
protection under the state legislation of the Biodiversity Conservation Act (2016) and 
Commonwealth legislation of the Environment Protection and Biodiversity Conservation Act 
1999 (Blue Mountains City Council (BMCC) 2016). Despite this legislative protection, 
further urban development in the Blue Mountains region has continued to negatively affect 
many swamps. For example, a survey assessing 47 swamps found that changed catchment 
hydrology, stormwater flow, and track disturbance has resulted in approximately half the 
surveyed swamps becoming channelised and, consequently, swamps have become drained 
and dried (Fryirs, Freidman and Kohlhagen 2012).  
Because of the essential ecosystem services of the swamps, their immense natural value, and 
their fragile water chemistry, and as urban development in the Blue Mountains continues to 
increase, it is vital to assess the current and future impacts of urbanisation on these fragile, 
high-conservation communities. Additionally, as urbanisation is having major effects on 
stream chemistry worldwide, it is essential to further investigate these effects. In particular, 
the presence of metals associated with urbanisation is largely undocumented in BMUS water 
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and surrounding ecosystems; thus, future research is required to investigate whether urban 
metals are present in BMUS. Furthermore, investigating the chemical effects of urbanisation 
in waterways is often complicated by the natural underlying geochemistry. BMUS are ideal 
for studying the chemical changes typical of urbanisation without the interference of 
background geology, as they are naturally dilute, acidic, and poorly buffered (Belmer, Wright 
and Tippler 2015). Results of this project can therefore be generalised to other freshwater 
systems worldwide and will contribute to the global effort to better understand the effect of 
urbanisation on stream chemistry. 
This study aimed to: 
• Further explore the effects of urbanisation on BMUS by comparing the chemical 
properties of water from naturally vegetated and urban swamps 
• Investigate whether the ionic and metallic contamination seen in urban areas across 
the world is present in BMUS and to further investigate the urban geochemical 
signature  
• Examine whether the heavy metals in BMUS water are present in sediment and 





1.2 Materials and Methods 
1.2.1 Study sites 
A total of eight valley BMUS were included in this study. Four of these swamps had 
naturally vegetated catchment areas, while four had urbanised catchment areas, according to 
the percentage of the swamp catchment covered by impervious surfaces (Table 1; Figure 6; 
Figure 7). Sites were selected and their catchments classified based on previous studies 
(Belmer, Wright and Tippler 2015; Carroll 2018). Therefore, all chosen swamps had previous 
physical and chemical data available and so that data could be compared between years. Sites 
chosen were located at four different approximate altitudes, ranging 665-1010 metres above 
















Table 1. The eight sampled BMUS, including location and physical characteristics. Information about physical characteristics is taken 
from Belmer, Wright and Tippler (2015), unless otherwise specified. 
Swamp name 
and site ID 


























Wentworth Falls  
(-33.76210, 150.38373) 






Naturally vegetated 920 90.41 3.92 21.00 0 
Hat Hill (HH) Blackheath  
(-33.599941, 
150.328782) 





























Figure 6. The eight sampled BMUS, with the top row showing the four naturally vegetated swamps – a) Lawson, b) Kings Tableland, c) 
Mt Hay, and d) Hat Hill – and the bottom row showing the four urban swamps – e) North Lawson, f) Bullaburra, g) Katoomba, and h) 
Popes Glen (Katherine Purdy 2019). 
a)               b)            c)           d) 
e)               f)            g)           h) 
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Figure 7. Examples of the outlet streams and surface pools sampled, with the top row 
showing naturally vegetated swamps and the bottom row showing urban swamps – a) 
the pool at the end of the Lawson BMUS , b) the outlet stream flowing over a rock at 
Kings Tableland, c) the outlet stream flowing over a rock at Mt Hay, d) the outlet 
stream at North Lawson, e) the channel flowing through the Katoomba swamp, and f) 
the outlet stream flowing over rocks in the Popes Glen swamp (Katherine Purdy 2019). 
a)                b)               c)   








 d)                e)               f)   











1.2.2 Water quality measurements 
At each swamp, temperature, pH, EC, and dissolved oxygen (%) measurements were taken 
using a handheld meter (TPS Aqua-C waterproof conductivity-TDS-temperature meter). The 
probes were placed in the surface water of the exit stream (Figure 7) and readings allowed to 
stabilise for approximately 5 minutes prior to data being recorded (Figure 8). For pH and EC 
readings, three replicate readings were taken at each site, and these were averaged to gain a 
value representative of the site. However, for the July measurements, due to a faulty pH/EC 
meter, water was collected in plastic containers, filled with minimal headspace to minimise 
diffusion of carbon dioxide into the water and thus to avoid pH changes, and pH and EC 
readings were taken the following day in the laboratory. 
 




1.2.3 Water sampling and analysis 
Duplicate water samples were taken at all eight swamps over two consecutive months (May 
and June 2019). Swamps were sampled in two different months to ensure that data gained 
was broadly representative of the water across different weather conditions. Grab samples 
were taken at the exit stream of each swamp, where the exit stream is defined as the surface 
water pool or flow closest to the lower boundary of the swamp. The Bullaburra BMUS, 
however, was sampled from surface water within the swamp, as the exit stream area is unsafe 
to access due to erosion. Sterile plastic bottles were used for sampling and duplicate grab 
samples were collected at each swamp, stored in an esky and transported back to the 
laboratory. Samples were refrigerated until they were sent for analysis to Envirolab Services 
Pty Ltd, Chatswood NSW 2067, a commercial National Association of Testing Authorities 
(NATA) certified laboratory. All samples were filtered at 45 micron prior to testing and all 
testing methods comply with the American Public Health Association (APHA) standards for 
water analysis (APHA 2012).  
Samples were tested for total metal concentrations of sixteen metals that are associated with 
urbanisation (Paul and Meyer 2001), including arsenic, barium, cadmium, chromium, copper, 
cobalt, manganese, molybdenum, nickel, lead, titanium, strontium, lithium, aluminium, iron, 
and zinc. Concentrations of metals were analysed using inductively coupled plasma atomic 
emission spectroscopy (ICP-AES) and inductively coupled plasma mass spectrometry (ICP-
MS) (Envirolab Services Pty Ltd 2019, personal communication 8 July 2019). 
Samples were also tested for major ion concentrations commonly seen in USS (Walsh et al. 
2005), including calcium, potassium, sodium, magnesium, sulphate, and chloride. Sodium 
and chloride concentrations were assessed using ion chromatography (APHA method 4110-
B) while calcium, potassium, sodium, and magnesium concentrations were ascertained using 
ICP-AES and ICP-MS.   
Finally, samples were tested for carbonate and bicarbonate alkalinity and inorganics, 
including nitrate, nitrite, fluoride, and phosphate. Nitrate, nitrite and phosphate 
concentrations were determined colourimetrically (APHA methods NO2-B and 4500PE). 
Fluoride concentrations were determined by the ion selective electrode method (APHA 4500-




1.2.4 Sediment sampling and analysis 
Sediment samples were also collected from all eight swamps over two days – 10/05/2019 and 
11/05/2019 (Figure 9). For each swamp, five random samples were taken from the swamp 
catchment within 30m from the exit stream. Samples were taken from the top 10cm of the 
soil. A small trowel was used to clear the vegetation and top centimetre of soil and to cut a 
small cylindrical ‘core’ in the soil, which was then placed in a glass sampling jar. Samples 
were then stored in an esky and refrigerated until they were sent for analysis. 
Sediment samples were analysed by a NATA accredited laboratory (Envirolab Services Pty 
Ltd, Chatswood NSW 2067). As with the water samples, sediment was tested for 
concentrations of sixteen major metals: arsenic, barium, cadmium, chromium, cobalt, copper, 
manganese, molybdenum, nickel, lead, titanium, strontium, lithium, aluminium, iron, and 
zinc. Metal concentrations were determined by ICP-AES and ICP-MS (Envirolab Services 
Pty Ltd, personal communication 18 June 2019). 




1.2.5 Foliage sampling and analysis 
Foliage samples were collected from all eight swamps over two days – 10/05/2019 and 
11/05/2019 (Figure 10). Foliage samples were taken from Leptospermum (tea tree) species, as 
these are a common native shrub in BMUS (Department of the Environment and Energy 
(DEE) 2010) and are present at all the sampled swamp sites. Samples were taken from at 
least five random trees from within the swamp area, within 30 metres upstream of the exit 
stream, and five replicate samples were taken from each swamp (Figure 10). Foliage was 
trimmed using a pair of secateurs and samples were stored in a sealed plastic bag in an esky 
and transported back to the laboratory.  
All foliage samples were dried in an incubator (Labec incubator S4218) at 39.5°C for ten 
days. After this, 20g of each sample was taken and ground for 2-4 minutes in 20 second 
bursts in a coffee grinder (Sunbeam Multigrinder II), until a fine powder was produced 
(Figure 10). Each sample was then sieved through an 850-micron sieve and stored in a sterile 
plastic tube. To prevent cross contamination, all equipment was rinsed using deionised water 
and dried in between samples. Samples were then sent to a NATA accredited laboratory 
(Envirolab Services Pty Ltd, Chatswood NSW 2067) where, as with the water and sediment 
samples, they were tested for concentrations of sixteen major metals – arsenic, barium, 
cadmium, chromium, cobalt, copper, manganese, molybdenum, nickel, lead, titanium, 
strontium, lithium, aluminium, iron, and zinc. Metal concentrations were determined using 
inductively coupled plasma atomic emission spectroscopy (ICP-AES) (Envirolab Services 
Pty Ltd, personal communication 11 July 2019).  
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Figure 10. Collection (a) and preparation (b) of tea tree tissue for analysis (Ian Wright 
and Katherine Purdy 2019). 
 
  
a)        b) 
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1.2.6 Statistical analyses 
Data was analysed using RStudio (RStudio Team 2016). Since the sample size was small 
(n<30), normality of data was assessed using the Shapiro-Wilk test and homoscedasticity was 
evaluated using Levene’s test, using the ‘car’ package (Fox and Weisberg 2019). Data was 
non-normal (p < 0.05) and variances were not equal (p < 0.05), thus non-parametric analyses 
were used. Two-sample Mann Whitney tests were used to determine whether differences in 
pH, EC and %DO were significant between naturally vegetated and urban swamps. For water 
quality data, averages for each measure were calculated based on measurements taken over 
May, June and July 2019. 
For sediment and plant tissue data, averages were calculated based on five replicate samples 
taken at each swamp in May 2019, so that there were 20 total samples for naturally vegetated 
swamps and 20 for urban swamps (n=20, total n=40). For concentrations of metals in water, 
averages are calculated based on two replicate samples taken at each swamp over May and 
June 2019, for a total of four samples per swamp, with 16 samples total each for naturally 
vegetated swamps and urban swamps (n=16, total n=32). Kruskal-Wallis tests were used to 
determine whether differences in water, plant tissue, and sediment metal concentrations 
between naturally vegetated and urban swamps were significant. For some water, sediment 
and foliage samples, metals were not detected as their concentrations were below laboratory 
detection limits. In this case, concentrations were given to a threshold (e.g. <1) and, for 
significance testing, the value that would generate the highest p-value was chosen (i.e. 1 for 
<1). All graphs and figures were produced using Microsoft Excel (Microsoft 2019), except 
for the PCA plot evaluating the major factors determining differences between naturally 
vegetated and urban swamps, which was produced in RStudio using the ‘factoextra’ package 





1.3.1 BMUS Water Quality 
On average, pH, EC and % DO were significantly different for naturally vegetated (NV) and 
urban BMUS (p<0.05) (Table 2; Table 3; Figure 11). pH was significantly elevated in urban 
swamps (Figure 11a and b). Urban swamps had an average pH of 6.57 pH units, while 
naturally vegetated swamps had an average of 5.03 pH units. Thus, the mean pH in urban 
swamps was greater by 1.54 pH units. The Katoomba swamp had the highest average pH 
(6.63) of the urban swamps, while the Lawson swamp had the highest average pH (5.22) of 
the pristine swamps (Table 4). The lowest mean pH (4.94 pH units) was observed at the Mt 
Hay swamp, while the lowest pH reading overall (4.61 pH units) was taken at the Kings 
Tableland swamp during the July sampling event (Table 3). 
Urban swamps also exhibited a higher average EC than naturally vegetated swamps (112.75 
vs. 36.65µs/cm; Figure 11c and d). The highest average EC was found at the urban 
Bullaburra swamp (133.56µs/cm), while the lowest was found at the naturally vegetated Hat 
Hill swamp (28.17µs/cm; Table 3). The lowest overall recorded EC of 23.89µs/cm was taken 
at the Mt Hay swamp during the July sampling event, while the highest recorded EC of 
153.97µs/cm occurred at the Bullaburra swamp, also during the July sampling event (Table 
4). 
Naturally vegetated BMUS had a higher average DO of 83.5% compared to 68.6% for urban 
swamps (Table 2, Figure 11e and f). The highest overall observed % DO was 94.8%, at the 
Mt Hay swamp, while the lowest overall observed % DO was 44.4% at the Popes Glen urban 
swamp. Both extremes occurred during the May sampling event (Table 3). The highest 
average % DO across all three sampling events occurred at the naturally vegetated Mt Hay 
swamp (87.8%), while the lowest average observed was at the Popes Glen urban swamp 





Table 2. Summary statistics for water chemistry of four urban and four non-urban 
BMUS (measurements taken from May – July 2019). Final means are averages 
calculated from three replicate readings at each swamp, then averaged over the four 
urban and non-urban swamps. pH and EC are given to 2 decimal places, while 
temperature and %DO are given to 1 decimal place, due to equipment measurement 
accuracy. Chi-squared values are given to 2 decimal places. Significance of difference 
(p-values) is given to 3 significant figures and significance is indicated as * (p < 0.05), ** 
(p < 0.01), and *** (p < 0.001). 
  Urban BMUS Naturally vegetated BMUS Significance 
of difference 
Measurement Mean Range Mean Range p-value 
pH (pH units) 6.57 6.35 - 6.78 5.03 4.61 - 5.56 0.0286 * 
EC (µs/cm) 112.75 70.61 - 
153.97 
36.65 23.89 - 48.87 0.0286 * 
DO (%) 68.6 39.3 - 83.5 83.5 74.1 - 94.8 0.0286 * 
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Table 3. Summary of average pH, EC, percentage dissolved oxygen, and temperature for each swamp over the three sampling months. 
The pH and EC values presented are calculated based on three replicate readings taken at each sampling event and pH and EC are 
given to 2 decimal places, while temperature and %DO are given to 1 decimal place, due to equipment measurement accuracy. 
































5.26 40.13 83.8 10.5 5.56 42.37 83.0 7.3 4.81 37.57 74.1 7.4 
MH Naturally 
vegetated 
4.97 29.33 94.8 10.5 4.93 48.87 90.4 8.8 4.93 23.89 78.2 7.7 
HH Naturally 
vegetated 
5.11 28.17 81.8 10.1 5.10 29.00 83.1 8.7 4.82 27.34 76.4 9.0 
KT Naturally 
vegetated 
4.79 39.00 86.9 10.0 5.44 48.83 84.8 8.9 4.61 45.31 84.5 8.8 
NV 
averages: 
 5.03 34.16 86.8 10.3 5.26 42.27 85.3 8.4 4.79 33.53 78.3 8.2 
LWU Urban 6.36 148.13 66.6 9.8 6.54 130.83 57.0 7.9 6.73 80.77 78.8 8.0 
KAT Urban 6.65 81.00 78.4 10.9 6.72 80.27 76.1 8.8 6.53 70.61 83.5 9.2 
PG Urban 6.53 138.87 44.4 9.0 6.42 128.70 39.3 7.8 6.58 93.17 65.9 9.2 




6.53 122.42 67.3 10.2 6.62 116.21 60.9 8.8 6.57 99.63 77.5 9.4 
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Table 4. Summary of average pH (pH units), EC (μs/cm) and %DO for each sampled 
swamp across the three sampling months (May, June and July 2019). Average pH and 
EC are calculated based on 3 replicate readings at each swamp for each of the three 
sampling events, while average %DO is calculated from one reading per swamp for 








Swamp ID pH (pH units) EC (μs/cm) %DO 
LAW 5.22 40.02 80.3 
MH 4.94 34.03 87.8 
KT 4.95 44.38 85.4 
HH 5.01 28.17 80.4 
LWU 6.54 119.91 67.5 
BB 6.61 133.56 77.5 
KAT 6.63 77.29 79.3 




Figure 11.  Mean (±SE) BMUS water pH, electrical conductivity, and percentage 
dissolved oxygen for the four naturally vegetated (blue) and four urban (orange) 
swamps included in this study. Comparisons are provided across all naturally vegetated 





















































































LWP MH KT HH LWU BB KAT PG
Swamp ID
c)             d)     
a)              b)     
e)             f)     
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1.3.2 Concentrations of metals and ions in BMUS water 
A variety of differences in metal and ion concentrations between the surface water of 
naturally vegetated and urban swamps were observed (Figure 12; Figure 13; Figure 14). For 
all sampled swamps, concentrations of cadmium, arsenic, lithium, and molybdenum were 
below detection limits. Nitrite, fluoride, and phosphate concentrations were similarly 
undetectable in all water samples, as were hydroxide and carbonate alkalinity.  
For concentrations of copper, chromium, cobalt, nickel, lead and titanium, differences across 
swamp types were not consistent or significant (Table 5; Table 6; Table 7; Table 11). 
Manganese levels at urban swamps were much higher on average than those of naturally 
vegetated BMUS, with urban swamps having a manganese concentration of approximately 
423% that of the pristine swamps (40.92 vs. 7.81µg/L; Table 7; Table 11); however, these 
differences were not significant. Similarly, zinc concentrations at pristine BMUS were higher 
on average than those of urban BMUS (11.69µg/L compared to 6.38µg/L), but these 
differences were also not significant. 
Barium was detected in all sampled swamps (Table 5; Table 6; Table 7; Figure 14) and 
significant differences in barium concentrations between the two swamp types were observed 
(p<0.05; Table 11). On average, over the two months, naturally vegetated swamps had a 
mean barium concentration of 5.56µg/L, while urban swamps had an average concentration 
of 15.29µg/L. Thus, urban swamps had a barium concentration almost 175% of that of 
naturally vegetated swamps (Table 7).  
Strontium concentrations also differed significantly between swamp types (p<0.05; Table 11; 
Figure 14). Naturally vegetated swamps had a lower average strontium concentration of 
2.40µg/L, with strontium at undetectable levels in the Mt Hay swamp across both sampling 
events, and undetectable at the pristine Lawson swamp in June 2019. Strontium was detected 
at all urban swamps and urban swamps had an average concentration of almost 14 times that 
of the naturally vegetated swamps, with a concentration of 28.46µg/L (Table 7). 
Naturally vegetated swamps had significantly greater aluminium concentrations than urban 
BMUS (p<0.05; Table 11; Figure 14). Naturally vegetated swamps had an average 
concentration of 203.96µg/L, while that of urban swamps was 31.25µg/L. Aluminium was 
detectable in all swamp water for both sampling events except for the Lawson urban swamp. 
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Differences in sulphate and nitrate concentrations between naturally vegetated and urban 
swamps were not significant (Table 8; Table 9; Table 10). However, calcium, potassium, 
sodium, magnesium, and chloride differences were (p<0.05; Table 11; Figure 14).  
Calcium was undetectable in all pristine swamps apart from the Kings Tableland swamp 
(Table 8; Table 9). In urban swamps, calcium concentrations were approximately 1400% of 
those in naturally vegetated swamps, with an average concentration of 9.79mg/L (Table 10; 
Table 11; Figure 14).  
Potassium concentrations were below detection levels for all naturally vegetated swamps 
(Table 8; Table 9), while potassium was present in all urban swamps, with an average 
concentration of 1.13mg/L, representing a percentage increase of approximately 125% (Table 
10; Figure 14).  
Sodium concentrations were significantly higher in urban swamps compared to naturally 
vegetated swamps, with mean concentrations of 7.49mg/L and 4.68mg/L, respectively 
(p<0.05; Table 10; Table 11; Figure 14). 
Magnesium was not detected in either sampling event in the naturally vegetated Mt Hay and 
Hat Hill swamps (Table 8; Table 9). However, magnesium was present at detectable levels at 
all other swamps. Magnesium concentrations on average were significantly higher at urban 
swamps, with an average concentration of 1.13mg/L, compared to an average of 0.55mg/L 
for pristine swamps (Table 10; Table 11; Figure 14). 
Chloride was present in significantly higher concentrations at urban swamps (p<0.05; Table 
11), with an average concentration of 15.63mg/L, while the average concentration of 
naturally vegetated swamps was 7.50mg/L (Table 10; Figure 14).  
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Table 5. Mean concentrations (µg/L) of selected metals in water at the eight sampled swamps during May 2019. Means for each swamp 
are calculated based on duplicate samples and are rounded to 2 decimal places. A * next to a value indicates that the average was 
calculated based on a threshold value (e.g. <1), for which the maximum possible value was assumed for calculation of the average and 
for significance testing (e.g. 1 for <1). 
Swamp Catchment 
type: 
Ba Cr Cu Co Mn Ni Pb Ti Sr Al Fe Zn 
LAW Naturally 
vegetated 
3.00 1.00 * 11.50 <1.00 5.50 <1.00 <1.00 <1.00 1.60 185.00 205.00 5.00 
MH Naturally 
vegetated 
1.67 <1.00 4.67 <1.00 <5.00 <1.00 <1.00 1.10 <1.00 246.67 78.67 3.33 
KT Naturally 
vegetated 
7.00 <1.00 <1.00 <1.00 8.00 <1.00 1.00 <1.00 5.55 280.00 335.00 36.50 
HH Naturally 
vegetated 
14.50 1.50 * 3.00 1.50 18.00 1.00 3.00 * 4.65 1.65 210.00 740.00 5.00 
NV 
mean: 
 6.54 1.13 6.39 1.13 9.13 1.00 1.50 2.88 2.45 230.42 339.67 12.46 
LWU Urban 13.33 <1.00 <1.00 <1.00 10.00 <1.00 <1.00 <1.00 27.67 <10.00 1003.33 <1.00 
KAT Urban 14.50 <1.00 <1.00 <1.00  45.00 <1.00 <1.00 <1.00 19.00 50.00 720.00 12.00 
BB Urban 13.00 <1.00 2.00 <1.00 9.50 1.00 <1.00 <1.00 34.00 55.00 46.50 5.00 
PG Urban 21.50 <1.00 <1.00 <1.00 110.00 <1.00 <1.00 <1.00 34.00 20.00 3350.00 5.00 
Urban 
mean: 





Table 6. Mean concentrations (µg/L) of selected metals in water at the eight sampled swamps during June 2019. Means for each swamp 
are calculated based on duplicate samples and are rounded to 2 decimal places. A * next to a value indicates that the average was 
calculated based on a threshold value (e.g. <1), for which the maximum possible value was assumed for calculation of the average and 





Ba Cr Cu Co Mn Ni Pb Ti Sr Al Fe Zn 
LAW Naturally 
vegetated 4.00 <1.00 <1.00 <1.00 5.00 <1.00 <1.00 <1.00 <1.00 155.00 125.00 4.50 
MH Naturally 
vegetated 1.00 <1.00 <1.00 <1.00 <5.00 <1.00 1.00 <1.00 <1.00 250.00 91.67 3.67 
KT Naturally 
vegetated 9.33 1.00 * <1.00 <1.00 8.00 <1.00 2.00 <1.00 6.15 205.00 275.00 34.00 
HH Naturally 




4.58 <1.00 1.13 <1.00 7.00 <1.00 1.25 <1.00 2.35 177.50 222.92 10.92 
LWU Urban 11.50 <1.00 1.00 * <1.00 <5.00 <1.00 <1.00 <1.00 23.00 <10.00 480.00 2.00 
KAT Urban 13.50 <1.00 <1.00 <1.00 40.00 <1.00 1.00 <1.00 18.00 25.00 500.00 9.00 
BB Urban 14.00 <1.00 <1.00 <1.00 8.50 <1.00 2.00 1.10 40.00 70.00 73.50 11.00 




15.00 <1.00 <1.00 <1.00 38.21 <1.00 1.25 1.03 28.25 28.75 1071.71 7.00 
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Table 7. Mean concentrations (µg/L) of selected metals in water at the eight sampled swamps over the two sampling events in May and 
June 2019. Means for each swamp are calculated based on four samples total (duplicates taken at each sampling event) and are rounded 
to 2 decimal places. A * next to a value indicates that the average was calculated based on a threshold value (e.g. <1), for which the 
maximum possible value was assumed for calculation of the average and for significance testing (e.g. 1 for <1). ‘Percentage increase’ (% 




Ba Cr Cu Co Mn Ni Pb Ti Sr Al Fe Zn 
LAW Naturally 
vegetated 
3.50 1.00 * 6.25 * <1.00 5.25 <1.00 <1.00 <1.00 1.30 170.00 165.00 4.75 
MH Naturally 
vegetated 
1.33 <1.00 4.67 <1.00 <5.00 <1.00 1.00 * 1.05 <1.00 248.33 85.17 3.50 
KT Naturally 
vegetated 
8.17 1.00 * <1.00 <1.00 8.00 <1.00 1.50 <1.00 5.85 242.50 305.00 35.25 
HH Naturally 
vegetated 
9.25 1.25 * 2.25 * 1.25 * 13.00 1.00 * 2.00 * 2.83 1.45 155.00 570.00 3.25 * 
NV mean:  5.56 1.06 3.76 1.13 7.81 1.00 1.38 1.47 2.40 203.96 281.29 11.69 
LWU Urban 12.42 <1.00 1.00 * <1.00 10.00 <1.00 <1.00 <1.00 25.33 <10.00 741.67 2.00 
KAT Urban 14.00 <1.00 <1.00 <1.00 42.50 <1.00 1.00 * <1.00 18.50 37.50 610.00 10.50 
BB Urban 13.50 <1.00 1.50 * <1.00 9.00 1.00 * 1.50 * 1.05 37.00 62.50 60.00 8.00 










 174.91 -5.88 -70.06 -11.11 423.73 0.00 -18.18 -31.06 1085.76 -92.70 96.78 -45.45 
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Table 8. Mean concentrations (mg/L) of selected cations and anions at the eight sampled swamps during May 2019. Means for each 
swamp are calculated based on duplicate samples and are rounded to 2 decimal places, apart from nitrate concentrations, which are 
rounded to 3 decimal places, due to equipment measurement accuracy. A * next to a value indicates that the average was calculated 
based on a threshold value (e.g. <1), for which the maximum possible value was assumed for calculation of the average and for 
significance testing (e.g. 1 for <1). 
 
  
Swamp Catchment type: Ca K Na Mg Bicarbonate Sulphate Chloride Nitrate 
LAW Naturally 
vegetated 
<0.50 <0.50 5.65 0.50 <5.00 1.00 * 9.50 0.393 * 
MH Naturally 
vegetated 
<0.50 <0.50 3.85 <0.50 <5.00 6.00 6.00 0.028 * 
KT Naturally 
vegetated 
1.10 <0.50 5.20 0.65 <5.00 4.00 9.00 <0.005 
HH Naturally 
vegetated 
<0.50 <0.50 3.80 <0.50 <5.00 <1.00 7.00 <0.005 
NV 
mean: 
 0.65 <0.50 4.63 0.54 <5.00 3.00 7.88 0.108 
LWU Urban 12.00 0.55 9.90 1.30 28.00 <1.00 27.50 0.006 * 
KAT Urban 4.90 0.80 6.60 0.80 14.00 2.50 13.00 0.260 
BB Urban 9.80 1.97 7.00 1.20 19.00 15.00 10.50 0.860 
PG Urban 13.00 1.05 7.10 1.10 37.50 1.00 16.00 <0.005 
Urban 
mean: 
 9.93 1.09 7.65 1.10 24.63 4.88 16.75 0.283 
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Table 9. Mean concentrations (mg/L) of selected cations and anions in water at the eight sampled swamps during June 2019. Means for 
each swamp are calculated based on duplicate samples and are rounded to 2 decimal places, apart from nitrate concentrations, which 
are rounded to 3 decimal places, due to equipment measurement accuracy. A * next to a value indicates that the average was calculated 
based on a threshold value (e.g. <1), for which the maximum possible value was assumed for calculation of the average and for 
significance testing (e.g. 1 for <1). 
Swamp Catchment type: Ca K Na Mg Bicarbonate Sulphate Chloride Nitrate 
LAW Naturally 
vegetated 
<0.50 <0.50 5.90 0.55 <5.00 1.00 9.00 0.035 
MH Naturally 
vegetated 
<0.50 <0.50 3.90 <0.50 <5.00 1.00 5.00 0.006 * 
KT Naturally 
vegetated 
1.10 <0.50 5.00 0.70 <5.00 5.00 8.00 <0.005 
HH Naturally 
vegetated 
<0.50 <0.50 4.10 <0.50 <5.00 2.00 6.50 0.144 
NV 
mean: 
 0.65 <0.50 4.73 0.56 <5.00 2.25 7.13 0.015 
LWU Urban 10.00 0.60 9.25 1.20 20.00 2.00 22.50 0.008 
KAT Urban 5.60 0.85 7.15 0.90 14.50 4.00 13.00 0.245 
BB Urban 12.00 2.00 6.45 1.40 17.50 15.00 9.50 2.900 
PG Urban 11.00 1.20 6.45 1.10 31.50 3.00 13.00 0.006 * 
Urban 
mean: 





Table 10. Mean concentrations (mg/L) of selected cations and anions in water at the eight sampled swamps over the two sampling events 
in May and June 2019. Means for each swamp are calculated based on four samples total (duplicates taken at each sampling event) and 
are rounded to 2 decimal places, apart from nitrate concentrations, which are rounded to 3 decimal places, due to equipment 
measurement accuracy. A * next to a value indicates that the average was calculated based on a threshold value (e.g. <1), for which the 
maximum possible value was assumed for calculation of the average and for significance testing (e.g. 1 for <1). ‘Percentage increase’ 
refers to the percentage increase in ion concentrations between naturally vegetated and urban swamps and is rounded to 2 decimal 
places. A negative percentage increase indicates a decrease in concentration between naturally vegetated and urban swamps. 
Swamp Catchment type: Ca K Na Mg Bicarbonate Sulphate Chloride Nitrate 
LAW Naturally 
vegetated 
<0.50 <0.50 5.78 0.53 <5.00 1.00 * 9.25 0.214 * 
MH Naturally 
vegetated 
<0.50 <0.50 3.88 <0.50 <5.00 3.50 5.50 0.017 * 
KT Naturally 
vegetated 
1.10 <0.50 5.10 0.68 <5.00 4.50 8.50 <0.005 
HH Naturally 
vegetated 
<0.50 <0.50 3.95 <0.50 <5.00 1.50 * 6.75 0.074 * 
NV mean:  0.65 <0.50 4.68 0.55 <5.00 2.63 7.50 0.062 
LWU Urban 11.00 0.58 9.58 1.25 24.00 2.00 25.00 0.007 * 
KAT Urban 5.25 0.83 6.88 0.85 14.25 3.25 13.00 0.253 
BB Urban 10.90 1.98 6.73 1.30 18.25 15.00 10.00 1.880 
PG Urban 12.00 1.13 6.78 1.10 34.50 2.00 14.50 0.006 
Urban 
mean: 




 1405.77 125.42 60.16 104.54 355.00 107.14 108.33 770.810 
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Figure 12. Average concentrations of selected metals in the water of naturally vegetated and urban BMUS. Averages are calculated 




Figure 13. Average concentrations of selected cations and anions in the water of 
naturally vegetated and urban BMUS. Averages are calculated based on duplicate 





Table 11. Summary of metal chemistry results for water samples between BMUS 
catchment types. BD refers to the metal concentration being below the test detection 
limits, while df is the degrees of freedom of the test. Measured metal concentrations are 
presented to two decimal places, as are chi-squared values. Significance of difference (p-
values) is given to 3 significant figures and significance is indicated as * (p < 0.05), ** (p 
< 0.01), and *** (p < 0.001). 
 
 Naturally vegetated Urban Kruskal-Wallis test result 
Metal/ion Range Mean Range Mean Chi-
squared 
df p-value 
Barium (µg/L) 1.00 – 
25.00 
5.56 11.00 – 
24.00 
15.29 5.33 1 0.0209 * 
Chromium (µg/L) BD – 2.00 1.06 BD BD 1.00 1 0.317 
Copper (µg/L) BD – 
20.00 
3.76 BD – 
2.00 
1.13 2.86 1 0.0907 
Cobalt (µg/L) BD – 2.00 1.13 BD BD 1.00 1 0.317 
Manganese (µg/L) BD – 
30.00 
7.81 BD – 
110.00 
40.92 3.00 1 0.0833 
Lead (µg/L) BD – 5.00 1.38 BD – 
2.00 
1.13 0.69 1 0.405 
Titanium (µg/L) BD – 8.30 1.47 BD – 
1.20 
1.01 0.69 1 0.405 
Strontium (µg/L) BD – 6.20 2.40 18.00 – 
41.00 
28.46 5.33 1 0.0209 * 
Aluminium (µg/L) 100.00 – 
280.00 
428.33 10.00 – 
90.00 
31.25 5.33 1 0.0209 * 
Iron (µg/L) 63.00 – 
740.00 
597.53 43.00 – 
3400.00 
1175.83 1.33 1 0.248 
Zinc (µg/L) BD – 
39.00 
11.69 2.00 – 
13.00 
6.38 0.08 1 0.773 
Calcium (mg/L) BD – 1.10 0.65 4.90 – 
13.00 
9.79 5.60 1 0.0180 * 
Potassium (mg/L) BD BD 0.50 – 
2.00 
1.13 6.05 1 0.0139 * 
Sodium (mg/L) 3.80 – 
6.10 
4.68 6.40 – 
10.00 
7.49 5.33 1 0.0209 * 
Magnesium 
(mg/L) 
BD – 0.70 0.55 0.80 – 
1.40 
1.13 5.40 1 0.0202 * 
Bicarbonate 
(mg/L) 
BD BD 14.00 – 
38.00 
22.75 6.05 1 0.0139 * 
Sulphate (mg/L) BD – 5.00 2.63 BD – 
15.00 
5.44 0.34 1 0.561 
Chloride (mg/L) 5.00 – 
10.00 
7.50 9.00 – 
30.00 
15.63 5.33 1 0.0209 * 
Nitrate (mg/L) BD – 0.78 0.06 BD – 
3.80 
0.54 0.33 1 0.564 
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Figure 14. Mean differences in concentrations of selected metals and ions (±SE) where a 
significant difference was exhibited between naturally vegetated (blue) and urban 
(orange) BMUS. Averages for each swamp type are calculated based on 16 samples for 











































































1.2.3 Differences between naturally vegetated and urban swamps 
Principal components analysis (PCA) of the data revealed that eight sites can be divided into 
two distinct groups (Figure 15). All swamps classified as ‘urban’ according to catchment 
imperviousness (Bullaburra, Popes Glen, Lawson urban, and Katoomba) were grouped on the 
left side of the y axis, while all swamps classified as ‘pristine’ or ‘naturally vegetated’ (Hat 
Hill, Mt Hay, Kings Tableland, and Lawson) were grouped on the right side of the y axis. 
Pristine swamps were characterised by high aluminium concentrations and high %DO values, 
while urban swamps were characterised by high pH and EC and high concentrations of 
sodium, calcium, magnesium, barium, strontium, and chloride.  
Figure 15. Biplot of the first two principal components accounting for 84.3% of the 
variance between naturally vegetated/pristine (blue) and urban (orange) swamps with 
95% confidence ellipses, based on averages calculated from the water quality and metal 
and ion concentration data collected.   
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1.2.4 Metal concentrations in sediment 
Sediment from urban and naturally vegetated swamps differed in concentrations of metals 
(Table 12). On average, the sediment of urban swamps had significantly higher 
concentrations of copper, nickel, titanium, strontium, and zinc (p<0.05; Table 13; Figure 16; 
Figure 17). 
Concentrations of arsenic, barium, chromium, cobalt, manganese, lead, lithium, and iron were 
higher on average in urban swamps; however, these differences were not significant (Table 
13). Arsenic was not detected in sediment from all pristine swamps, apart from the Kings 
Tableland swamp. However, arsenic levels were detectable in the sediment of all urban 
BMUS except for the Katoomba swamp. Barium, chromium, manganese, lead and iron were 
detected in all sediment samples, while cobalt was consistently seen in samples only from the 
Popes Glen urban BMUS. Lithium was not detected in the pristine Kings Tableland swamp 
or the Lawson urban swamp but was detected in all samples from the urban Katoomba and 
Bullaburra BMUS. Cadmium concentrations were below detection in all swamp sediment, 
while molybdenum was only detected in one urban swamp (Bullaburra). Aluminium was the 
only metal for which higher concentrations were detected in the sediment of naturally 
vegetated swamps (an average of 4231.17mg/kg vs. the urban average of 3695.42mg/kg).  
Copper was detectable in the sediment of all swamps and the sediment of the sampled urban 
swamps had significantly higher average copper concentrations when compared to the 
naturally vegetated BMUS (8.52 vs. 3.22mg/kg; Table 13; Figure 17). This represents a 
percentage increase of approximately 165%.  
Similarly, nickel concentrations in the sediment of urban swamps were significantly higher 
than those of naturally vegetated BMUS, with an average concentration of 2.37mg/kg 
compared to the naturally vegetated average of 1.46mg/kg (Table 13; Figure 17). Nickel was 
detectable in all urban swamp samples but, for the pristine swamps, was only consistently 
detected in all five replicate samples of the pristine Lawson swamp (Table 12).  
Titanium concentrations were also significantly higher in the sediment of urban swamps 
(Table 13; Figure 17). Titanium concentrations in urban swamps were approximately 124% 
higher than those in pristine swamps, with averages of 15.28mg/kg and 6.83mg/kg, 
respectively (Table 12). 
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Average strontium levels in urban swamp sediment were over twice those in pristine swamps 
(9.24mg/kg compared with 3.35mg/kg; Table 12). Strontium was not detected in any of the 
sediment samples from the naturally vegetated Hat Hill BMUS but was present at detectable 
levels in all other sediment samples.  
Zinc concentrations, on average, were significantly higher in urban swamp sediment, with a 
mean concentration of 53.44mg/kg compared with 7.28mg/kg for naturally vegetated swamps 
(Table 13). This represents a percentage increase of approximately 634% from naturally 




Table 12. Concentrations of selected metals in sediment at the eight sampled BMUS. Mean concentrations are calculated based on 5 
replicate samples at each swamp site.  Values are given to 2 decimal places. A * next to a value indicates that the average was calculated 
based on a threshold value (e.g. <1), for which the maximum possible value was assumed for calculation of the average and for 
significance testing (e.g. 1 for <1). ‘Percentage increase’ (% increase) refers to the percentage increase in ion concentrations between 
naturally vegetated and urban swamps and is rounded to 2 decimal places. A negative percentage increase indicates a decrease in 






As Ba Cr Co Cu Mn Mo Ni Pb Ti Sr Li Al Fe Zn 
LAW Naturally 
vegetated 
<4.00 31.67 3.50 1.00 * 2.67 10.83 <1.00 1.83 14.33 4.50 4.17 1.00* 5016.67 19983.33 6.33 
MH Naturally 
vegetated 
<4.00 12.20 4.40 1.20 * 4.20 5.60 <1.00 1.60 * 10.00 9.20 3.75 1.50 * 6580.00 6600.00 4.40 
KT Naturally 
vegetated 
4.00 * 9.60 2.40 <1.00 2.20 11.60 <1.00 1.00 * 20.60 6.00 2.00 <1.00 2460.00 10160.00 13.00 
HH Naturally 
vegetated 




4.00 17.82 3.43 1.20 3.22 14.12 <1.00 1.46 12.88 6.83 3.35 1.13 4231.17 12375.83 7.28 
LWU Urban 4.83* 23.17 3.17 1.83 * 5.33 71.83 <1.00 2.50 13.50 10.17 10.00 <1.00 3398.33 24516.67 24.17 
KAT Urban <4.00 14.60 7.20 1.20 * 4.40 10.40 <1.00 1.80 28.20 11.80 3.80 1.20 4300.00 8940.00 16.60 
BB Urban 4.83* 31.50 8.33 2.17 * 13.33 150.50 1.00 * 3.00 19.67 15.00 14.17 2.50 4666.67 12700.00 63.33 




4.42 24.78 5.97 1.72 8.52 104.85 1.00 2.37 23.09 15.28 9.24 1.43 3695.42 18039.17 53.44 
% 
increase: 




62.29 79.24 123.93 175.53 26.67 -12.66 45.76 633.75 
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 Figure 16. Average concentrations of selected metals in the sediment of naturally vegetated and urban BMUS. Averages are calculated 



















































































Table 13. Summary of metal chemistry results for sediment samples between BMUS 
catchment types. BD refers to the metal being below the test detection limits, while df is 
the degrees of freedom of the test. Measured metal concentrations are presented to the 2 
decimal places, as are chi-squared values. Significance of difference (p-values) is given 
to 3 significant figures and significance is indicated as * (p < 0.05), ** (p < 0.01), and *** 
(p < 0.001) 








Arsenic BD – 
4.00 
4.00* BD – 9.00 4.42 4.08 1 0.127 
Barium 4.00 – 
54.00 
17.82 7.00 – 
55.00 
24.78 0.75 1 0.387 
Chromium 1.00 – 
7.00 
3.43 1.00 – 
11.00 
5.97 2.08 1 0.149 
Cobalt BD – 
3.00 




Copper 1.00 – 
7.00 
3.22 1.00 – 
18.00 
8.52 5.33 1 0.0209 * 
Manganese 3.00 – 
73.00 






Nickel BD – 
2.00 




1 0.0433 * 
Lead 3.00 – 
30.00 






Titanium 2.00 – 
15.00 




1 0.0209 * 
 
Strontium BD – 
7.00 




1 0.0433 * 
 
Lithium BD – 
2.00 




Aluminium 940.00 - 
10000 














Zinc 1.00 – 
19.00 









Figure 17. Mean concentrations of selected metals (±SE) in the sediment of naturally 
vegetated (blue) and urban (orange) BMUS. Averages are calculated based on 5 random 











































































1.2.5 Metal concentrations in foliage 
Zinc was the only metal for which a significant difference in foliage concentrations was 
observed, with urban swamps on average having higher concentrations of zinc in 
Leptospermum tissue (p<0.05; Table 14; Table 15; Figure 18; Figure 19). The average zinc 
concentration for naturally vegetated BMUS Leptospermum tissue was 8.88mg/kg while for 
urban swamps it was 14.97mg/kg, which is a percentage increase of almost 69% (Table 14). 
Concentrations of arsenic, cadmium, cobalt and lithium were below detection limits, while 
differences in concentrations of all other metals were not significant (Table 14; Table 15). 
Chromium was consistently detected in all five urban Popes Glen foliage samples, but not in 
any other swamp. Copper was detected in all Leptospermum tissue samples and the average 
copper concentration in urban swamp foliage was minimally higher than that of naturally 
vegetated swamps. 
Barium, manganese, titanium, strontium, aluminium, and iron were present in all foliage 
samples (Table 14; Table 15). On average, titanium and iron concentrations were greater in 
urban swamps, but not significantly so. Barium and manganese levels were higher in the 
plant tissue of naturally vegetated BMUS as were strontium concentrations, which were over 
double those in urban swamps (32.08mg/kg vs. 15.74mg/kg; Table 15). Aluminium 
concentrations were also higher in plants from naturally vegetated swamps, with an average 
of 133.42mg/kg compared with 113.61mg/kg at urban swamps (Table 15). Iron 
concentrations in the foliage of plants at urban BMUS were higher than those at naturally 
vegetated swamps (158.00mg/kg compared to 148.40mg/kg; Table 15).  
Molybdenum was not detected in the plant tissue at three swamps (pristine Lawson, Lawson 
urban, urban Katoomba and urban Popes Glen) and was not detected in all five samples at 
any of the sampled swamps (Table 14; Table 15). Nickel was only detected in tissue at one 
swamp – the urban Katoomba BMUS – and lead was only detected in tissue from three 
swamps, the naturally vegetated Mt Hay and Kings Tableland swamps and the urban 





Table 14. Concentrations of tested metals in Leptospermum (tea tree) tissue at eight BMUS. Mean concentrations are calculated based on 
5 replicate samples at each swamp site.  Values are given to 2 decimal places. A * next to a value indicates that the average was 
calculated based on a threshold value (e.g. <1), for which the maximum possible value was assumed for calculation of the average and 
for significance testing (e.g. 1 for <1) 
Swamp ID Catchment type Ba Cr Cu Mn Mo Ni Pb Ti Sr Al Fe Zn 
LAW Naturally vegetated 37.60 1.00 * 3.60 418.00 <1.00 <1.00 <1.00 2.00 39.40 152.00 174.00 7.60 
MH Naturally vegetated 21.00 1.20 * 3.80 266.00 1.00 * <1.00 8.00 * 1.20 32.40 122.00 132.00 7.20 
KT Naturally vegetated 14.00 1.00 * 4.60 482.00 1.00 * <1.00 1.00 * 1.40 10.20 108.00 117.60 11.40 
HH Naturally vegetated 35.33 1.67 * 4.17 480.00 1.67 * <1.00 <1.00 2.17 46.33 151.67 170.00 9.33 
Mean Naturally vegetated 26.98 1.22 4.04 411.50 1.17 <1.00 2.75 1.69 32.08 133.42 148.40 8.88 
LWU Urban 10.67 1.17 * 3.83 385.00 <1.00 <1.00 <1 2.00 9.50 102.17 151.67 10.50 
KAT Urban 28.40 1.00 * 4.00 314.00 <1.00 1.00 * <1 1.20 27.80 106.60 114.00 16.40 
BB Urban 18.00 1.33 * 4.50 149.00 2.33 * <1.00 1.17 * 2.50 16.67 151.67 218.33 13.17 
PG Urban 12.40 1.17 5.20 284.00 <1.00 <1.00 <1 1.60 9.00 94.00 148.00 19.80 
Mean Urban 17.37 1.17 4.38 283.00 1.33 1.00 1.04 1.83 15.74 113.61 158.00 14.97 
























Figure 18. Average concentrations of selected metals in Leptospermum (tea tree) tissue of naturally vegetated and urban BMUS. 























































































Table 15. Summary of metal chemistry results for Leptospermum (tea tree) tissue 
samples between BMUS catchment types. BD refers to the metal being below the test 
detection limits, while df is the degrees of freedom of the test. All metal concentrations 
are presented to 2 decimal places, as are chi-squared values. Significance of difference 
(p-values) is given to 3 significant figures and significance is indicated as * (p < 0.05), ** 
(p < 0.01), and *** (p < 0.001) 
 Naturally 
vegetated 
Urban  Kruskal-Wallis test result 
Metal 
(mg/kg) 
Range Mean Range Mean Chi-
squared 
df p-value 
Arsenic BD - BD - - - - 
Barium 11.00 – 
53.00 
26.98 7.00 – 
33.00 
17.37 2.08 1 0.149 
Chromium BD – 
2.00 
1.22 BD – 
2.00 
1.17 0.00 1 1.00 




Copper 3.60 – 
4.60 
4.04 3.00 – 
6.00 
4.38 0.75 1 0.387 
Manganese 220.00 – 
700.00 
411.50 84.00 – 
470.00 
283.00 2.08 1 0.149 
Nickel BD - BD - - - - 
Lead BD – 
8.00 
2.75 BD – 
2.00 
1.04 0.04 1 0.850 
Titanium 1.00 – 
3.00 
1.69 1.00 – 
3.00 
1.83 0.09 1 0.770 
Strontium 8.00 – 
54.00 
32.08 8.00 – 
32.00 
15.74 3.00 1 0.0833 




Aluminium 80.00 – 
200.00 
133.42 72.00 – 
210.00 
113.61 2.55 1 0.110 
Iron 88.00 – 
220.00 
151.67 100.00 – 
310.00 
158.00 0.00 1 1.00 
Zinc 6.00 – 
13.00 
8.88 9.00 – 
22.00 






Figure 19. Mean concentrations of selected metals (±SE) in Leptospermum (tea tree) 
tissue from naturally vegetated (blue) and urban (orange) BMUS. Averages are 



















































































1.4 Discussion and Conclusions 
1.4.1 Elevated metal concentrations in urban BMUS 
Surface water in urban BMUS catchments had significantly higher concentrations of 
strontium and barium compared to pristine swamps. Average strontium concentrations in 
urban swamps were almost fourteen times those in pristine swamps, while average barium 
concentrations in urban swamps were almost twice those in pristine swamps. Additionally, 
the surface water of pristine swamps had significantly higher concentrations of aluminium 
compared with urban swamps and water was dominated by iron, aluminium, zinc, manganese 
and barium. In contrast, urban BMUS water was dominated by iron, manganese, aluminium, 
strontium, and barium. Aluminium, iron, and manganese are all reflective of the underlying 
Sydney basin sandstone geology (Price and Wright 2016), but significant differences in 
strontium and barium concentrations indicate that catchment type is playing a key role in 
these metal concentration differences. Only one other study has investigated the 
concentrations of metals in BMUS (Carroll 2018) and results similarly showed that urban 
swamps had significantly higher concentrations of barium and strontium.  
Elevated concentrations of other metals such as lead, zinc, chromium, copper, manganese, 
nickel, and cadmium are common in urban streams and it is suggested that these metals may 
be entering urban streams via stormwater runoff, as they may have accumulated on road 
surfaces from car components such as brake linings, engines, and tires (Christensen, 
Nakajima and Baun 2006; Marsalek et al. 1999; Paul and Meyer 2001; Wenger et al. 2009). 
Furthermore, strontium has also been associated with urban waterways. Christian, Banner and 
Mack (2011) found a strong positive correlation between strontium concentrations in streams 
and catchment urbanisation. Similarly, Rose (2007) found that mean strontium concentrations 
in semi-urbanised catchment areas of the USA were approximately three times greater than 
rural streams, with no apparent connection to the underlying geology of the area. The authors 
also observed that strontium concentrations appeared to increase with the degree of 
urbanisation.  
As strontium and barium differ between urban and nonurban catchments for BMUS and are 
unrelated to the underlying sandstone geology of the region (Price and Wright 2016), it is 
highly likely that these metals are entering urban BMUS via anthropogenic inputs. To the 
best of our knowledge, there is no other literature connecting elevated barium concentrations 
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in streams with urbanisation, and hence this study, for the first time, indicates that barium as 
well as strontium may be used as a marker of urbanisation. Further research is required to 
determine whether barium in particular is present in urban streams in different areas and thus 
may be used as an indicator of urbanisation, but elevated strontium and barium 
concentrations have been associated with exposure to concrete surfaces (Purdy and Wright 
2019), which is also discussed further in Chapter Two of this thesis. Therefore, concrete 
surfaces in the catchment area of urban BMUS may be contributing to the elevated 
concentrations of these metals seen in the surface water.  
1.4.2 Ionic modification in urban BMUS 
Urban BMUS also exhibited differences in ion concentrations when compared to naturally 
vegetated swamps. Urban swamp water had significantly higher concentrations of calcium, 
potassium, bicarbonate, sodium, magnesium, and chloride and the order of ionic dominance 
differed between the two swamp types. In naturally vegetated swamps, order of ion 
dominance was chloride > sodium > sulphate (greatest > smallest), while, in urban swamp 
water, it was bicarbonate > chloride > calcium. Thus, naturally vegetated swamp water 
tended to be dominated by sodium and chloride ions, while urban swamp water tended to 
have higher concentrations of calcium and bicarbonate. These sodium and chloride dominant 
conditions are typical of coastal flowing streams in southeast Australia and of catchments 
across the Sydney basin (Davies et al. 2010c; Price and Wright 2016; Tippler et al. 2014). 
Additionally, while naturally vegetated swamp water was sodium and chloride dominated, 
sodium and chloride levels in urban swamps were significantly higher than those of naturally 
vegetated swamps. These observations are consistent with previous BMUS studies noting 
sodium and chloride dominance in pristine swamps with ionic modification in urban swamps 
(Belmer, Tippler and Wright 2018; Belmer, Wright and Tippler 2015; Carroll 2018).  
Bicarbonate was undetectable in all sampled naturally vegetated swamps, while calcium 
concentrations ranged from below detection to 1.1mg/L. In contrast, bicarbonate and calcium 
were present at detectable levels in all urban swamps, with calcium having a mean 
concentration of over fifteen times that of naturally vegetated swamp water. Results of this 
study are consistent with studies across the world demonstrating that calcium and bicarbonate 
dominate urban waterways (Connor et al. 2014; Kaushal et al. 2017; Kaushal et al. 2018; 
Wright et al. 2011). Elevated concentrations of calcium and bicarbonate have been associated 
with increasing imperviousness – for example, Tippler, Wright and Hanlon (2012) observed 
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that calcium concentrations at streams with the highest percentage of impervious catchment 
cover were over nine times that of low imperviousness streams. As limestone is not present in 
the geology of the Blue Mountains, elevated concentrations of calcium and bicarbonate must 
be due to anthropogenic influences and several studies (Carroll, Reynolds and Wright 2019; 
Gérard, Bellego and Bernard 2002; Tippler et al. 2014; Wright et al. 2011) attribute these 
elevated ionic concentrations to the weathering of calcium-rich concrete materials in the 
catchment areas of urban streams.  
Both types of water had low concentrations of nitrates and phosphates, with phosphates 
undetectable in all samples. These nitrate and phosphate results are somewhat unusual as 
urban streams tend to have much higher concentrations of these ions (Paul and Meyer 2001). 
Many studies attribute weed invasion in urban riparian areas to higher concentrations of 
nitrates and phosphates (Grella, Renshaw and Wright 2018; Leishman, Hughes and Gore 
2004; Tippler, Wright and Hanlon 2012). However, given the negligible concentrations of 
nitrates and phosphates in BMUS water and the lack of difference between the two catchment 
types, it seems unlikely that nitrates and phosphates are playing a role in the weed invasions 
observed in urban BMUS (Gorissen, Greenlees and Shine 2017b). Further investigation is 
required to determine whether concentrations of nitrates and phosphates in BMUS surface 
water are reflected in sediment. 
1.4.3 Differences in physiochemical properties between catchment types 
In this study, significant differences in water quality attributes between naturally vegetated 
and urban BMUS were observed. Naturally vegetated swamps were mildly acidic, with a 
mean pH of 5.03 pH units, while urban swamps were more alkaline, with an average pH of 
6.57 pH units. Additionally, naturally vegetated swamps were very dilute and urban swamps 
had an average EC of over three times that of naturally vegetated swamps. Urban swamps 
also had significantly lower %DO than the sampled naturally vegetated swamps. These 
findings are consistent with other recent surveys of BMUS, which similarly observed urban 
swamps to have significantly higher pH and EC and significantly lower DO concentrations 
(Belmer, Tippler and Wright 2018; Belmer, Wright and Tippler 2015; Carroll 2018).  
Regardless of underlying geology, higher pH and EC values have been observed across urban 
streams in Australia (Hatt et al. 2004; Tippler, Wright and Hanlon 2012; Tippler et al. 2014; 
Walsh et al. 2005) and across the world (Connor et al. 2014; Conway 2007; Kaushal et al. 
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2017; Kaushal et al. 2018). These are considered key symptoms of the urban stream 
syndrome (Paul and Meyer 2001). Currently, in the USA, river alkalinisation and salinisation 
are being recognised as widespread phenomena and many studies suggest that increasing 
salinisation may be due to the use of de-icing compounds on roads in winter months and the 
weathering of urban surfaces (Duan and Kaushal 2015; Kaushal et al. 2005; Kaushal et al. 
2018; Kaushal et al. 2013). However, as de-icing compounds are rarely if ever necessary in 
the Blue Mountains region, it seems more likely that the salinisation and alkalinisation seen 
in urban swamps is due to weathering of urban surfaces. While BMUS are only exhibiting 
mild alkalinisation (mean urban pH of 6.57 pH units), this still represents an average 
difference of 1.54 pH units between urban and naturally vegetated swamps. Modified pH and 
EC can have a variety of effects. pH in particular plays a role in determining the mobility, 
bioavailability and toxicity of ions, nutrients and metals (Conway 2007), while EC also 
influences mobilisation of elements such as nitrogen and phosphorous (Duan and Kaushal 
2015). 
1.4.4 Water, sediment, and foliage: Metals in BMUS ecosystems 
Results of this study demonstrated that urban swamp sediment had significantly higher 
concentrations of copper, nickel, titanium, strontium, and zinc compared to the sediment of 
naturally vegetated swamps. Overall, urban swamps had higher metal concentrations for all 
tested metals, except for aluminium (Table 16). While there are no previous studies looking 
at metals in BMUS sediment, sediment in urban areas across the world commonly has higher 
concentrations of metals such as arsenic, lead, aluminium, copper, nickel, zinc, cadmium, and 
chromium (Argyraki and Kelepertzis 2014; Carr et al. 2000; Christensen, Nakajima and Baun 
2006; Franz et al. 2013; Ma et al. 2015; Qiao et al. 2013; Zhang et al. 2017), as well as 
strontium (Franz et al. 2013). These metals have been associated with urban stormwater 
runoff (Carr et al. 2000) and several studies suggest that these higher urban concentrations 
are due to runoff from building materials and vehicular inputs (Franz et al. 2013; Paul and 
Meyer 2001; Wenger et al. 2009). As a distinct signature of metals is seen in urban BMUS in 
this study, results indicate that urbanisation is having a significant effect on the sediment 
chemistry of BMUS.  
The presence of metals in sediments can have a variety of effects. Sediments often act as a 
sink for heavy metals and concentrations of metals in stream sediment are affected by 
sediment texture and organic matter, as well as stream characteristics such as water velocity, 
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pH and EC and the presence of organisms (Christensen, Nakajima and Baun 2006; de Souza 
Machado et al. 2016; Gurnell, Lee and Souch 2007; Paul and Meyer 2001). Metals in 
sediment can be released into nearby water by physical, chemical and biological processes 
(Zhang et al. 2017). Depending on how mobile metals are in the sediment, they may also be 
taken up by plants and organisms. Salinity, sediment texture, and organic content determine 
the mobility and availability of metals in the superficial sediment layer (de Souza Machado et 
al. 2016). Higher sediment salinities are associated with higher heavy metal concentrations 
(Qiao et al. 2013) and an increase in salinity is often associated with increases in cations such 
as sodium, potassium, calcium, and magnesium, which compete with heavy metals for 
sorption sites. Thus, increased sediment salinity is also associated with increased metal 
mobility (Li et al. 2011). Metals in sediments have been reported to have adverse effects on 
macroinvertebrates, algae and other aquatic organisms (Christensen, Nakajima and Baun 
2006; Marsalek et al. 1999; Walters, Roy and Leigh 2009).  
Interestingly, in this study, metal contents of water were not necessarily reflected in sediment 
and foliage. While urban swamp water had significantly higher concentrations of barium and 
strontium, urban swamp sediment had significantly higher concentrations of copper, nickel, 
titanium, strontium, and zinc, and Leptospermum foliage from the two catchment types only 
differed significantly in zinc concentrations, with urban swamps having higher zinc levels 
(Table 16). These differing relative concentrations in water, sediment and foliage are likely 
due to a number of factors, such as how prone the metals are to precipitating out of water, 
metal availability in sediment, ability of plants to uptake metals, and a variety of water and 
soil characteristics. 
The underlying geology of the swamps appeared to play a key role in the differences seen in 
the chemical composition of BMUS water, foliage, and sediment. Aluminium concentrations 
in water, sediment and foliage of pristine swamps were higher than those of urban swamps. 
Similarly, iron concentrations in pristine water and sediment were higher in pristine swamps, 
while concentrations in tea tree foliage were approximately the same for both catchment 
types. These observations are consistent with the aluminium and iron rich sandstone geology 
of the Sydney basin (Price and Wright 2016).  
Several metals were only present in the sediment, perhaps indicating that these metals are 
prone to precipitating out of the water and settling as part of the uppermost sediment layer. 
For example, nickel was not detected in any water or plant tissue samples, but was detected in 
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both types of sediment, with significantly higher levels detected at urban swamps. Similarly, 
lithium was not present in any water or tea tree tissue samples but was present in both types 
of sediment and arsenic was not detected in pristine or urban swamp water or in 
Leptospermum tissue but was detected in all urban sediment samples and some naturally 
vegetated sediment samples. Cobalt was also not detected in urban water or urban tea tree 
tissue but was present in urban sediment samples. These metals are perhaps not bioavailable 
for plant uptake, as they were not present at detectable levels in any plant tissue samples. 
In other cases, the relative concentrations of metals in water between catchment types did not 
align with their relative concentrations in sediment or plant tissue, perhaps indicating 
differences in how metals sediment and how bioavailable they are in the sediment for plant 
uptake. Cobalt and chromium, for example, was present in higher average concentrations in 
urban swamp sediment despite not being present in urban water and lead was present in 
marginally higher concentrations in pristine swamp water and pristine tea tree tissue but was 
present in urban sediments at concentrations almost double those of pristine swamp sediment. 
Concentrations of titanium in water and plant tissue for both catchment types was 
approximately equal, however urban swamp sediment on average had concentrations of over 
twice that of pristine catchments. As these metals are present at higher concentrations in 
urban sediment but lower concentrations in urban plants, they seem more disposed to 
sediment out of the water but perhaps, under urban water and sediment conditions, are less 
prone to becoming bioavailable and taken up by plants. Additionally, zinc and copper levels 
were higher in pristine water compared to urban water, but present in greater concentrations 
in urban sediment and plant tissue compared to pristine sediment and plant tissue. This 
perhaps indicates that, under the higher pH and salinity conditions of urban swamps, zinc and 
copper are more prone to entering the sediment layer and becoming bioavailable for plant 
uptake.  
Furthermore, manganese concentrations in naturally vegetated swamps were lower than 
urban swamps for the water and sediment, but higher in tea tree tissue – almost double that of 
urban tea tree tissue concentrations. Average barium concentrations in urban BMUS water 
were almost triple those of pristine swamp water and, correspondingly, concentrations were 
higher in urban swamp sediment. However, this was not reflected in tea tree tissue, with 
pristine plants having higher tissue concentrations of barium. Additionally, strontium 
concentrations for the water and sediment of naturally vegetated swamps were much lower 
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than those of urban swamps. However, tea trees in pristine swamps had strontium tissue 
concentrations of more than double those of urban swamps. These observed differences are 
potentially due to metal availability in the sediment and water or selective uptake by the 
plants. 
Metal availability is affected by the chemical form of the metal (Zhang et al. 2017), as well 
as a number of soil factors, including pH, sediment texture, and organic matter content 
(Lucas and Davis 1961; Taiz et al. 2015). For example, iron availability in soil is influenced 
by soil moisture content (Keith and Myerscough 1993) and zinc availability has been 
observed to increase as soil becomes more acidic (Lucas and Davis 1961). In the case of 
BMUS, Carroll (2018) found that sediment pH did not differ significantly between naturally 
vegetated and urban BMUS, with values ranging from between 5 and 6 pH units. It therefore 
seems unlikely that sediment pH is playing a role in the apparent differences in metal 
availability between the two swamp types. However, given the many other factors that play a 
role in determining metal availability, it seems likely that chemical and physical differences 
between the two catchment types may be resulting in differences in metal availabilities and 
thus may help to explain the differences in metal concentrations seen across BMUS water, 
foliage and sediment.  
Further investigation is required to confirm what factors may be playing a role in the 
differences in relative metal concentrations in the water, sediment, and foliage of BMUS. In 
particular, research into sediment characteristics of urban and pristine BMUS, such as organic 
matter content, moisture content over different seasons, and sediment texture, may be helpful 
in furthering understanding of how metals are moving through BMUS ecosystems. Future 
research may also benefit from investigating the metal species present in urban and non-
urban BMUS water, to better understand how these metals transfer into sediment and plant 
tissue. 
Furthermore, many of these metals are important plant micronutrients and this may play a 
role in the apparent differences in metal uptake by the plants. For example, iron makes up 
plant proteins involved in photosynthesis, nitrogen fixation and respiration and iron, zinc, 
manganese, copper, and nickel are all essential elements required by most plant species (Taiz 
et al. 2015). Thus, plants are selective in which nutrients and metals they take up, which will 
impact the metal concentrations seen in plant tissue (Tangahu et al. 2011).  
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In this study, the metal contents of BMUS water, sediment and foliage did not consistently 
reflect one another. In contrast, Carroll, Reynolds and Wright (2019) observed that the ionic 
composition of BMUS foliage and sediment directly reflected water chemistry findings. 
Urban swamp water, sediment and foliage all exhibited higher concentrations of calcium, 
bicarbonate and potassium. However, Carroll, Reynolds and Wright (2019) tested foliage 
sourced from three different plant species at two urban and two non-urban swamps and, at 
one swamp, only exotic species were present and surveyed. Tangahu et al. (2011) noted that 
there are differences between plant species in how metals are taken up and therefore this may 
contribute to the differences noted in results between the two studies. Future studies could 
examine metal concentrations across different plant species, to further investigate any 
differences in metal uptake that may occur between BMUS species. 
To our knowledge, this study is one of the first to investigate the relationship between the 
chemical composition of water, sediment, and foliage in a wetlands or riparian context. One 
other study (Pavlović et al. 2016) similarly investigated the concentrations of eight metals in 
water, sediment, soil and the leaf tissue of six willow species along a European river. The 
authors found that there were positive correlations between sediment, soil and plant tissue 
contents, indicating that the chemistry of the river water strongly influences the chemical 
composition of riparian soils and vegetation. While the relationships between metals in water, 
sediment, and vegetation were not as clear in this study, particularly for foliage metal 
concentrations, higher concentrations of barium, manganese, strontium, and iron were 
observed in urban swamp water and sediment. Barium and strontium are of particular 
interest, as these metals are linked with urban concrete infrastructure (see Chapter Two of 
this thesis for further discussion) and may be key indicators of urbanisation in BMUS.  
1.4.5 Urban Stream Syndrome in Blue Mountains Upland Swamps 
Findings of this study indicate that there are a number of distinct chemical, ionic and metallic 
differences exhibited between the water of urban and naturally vegetated BMUS. The 
greatest distinguishing factors of pristine swamps are high aluminium concentrations and 
high %DO, while the greatest driving factors in defining urban swamps were high 
concentrations of other metals and ions and high pH and EC. Pristine BMUS were sodium 
and chloride dominated, while urban BMUS were calcium, bicarbonate and potassium 
dominated. These chemical differences appear to be having a range of effects on BMUS 
ecosystems. Non-urbanised BMUS have been observed to have significantly higher 
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proportions of sensitive macroinvertebrates when compared to urban swamps and urban 
swamps appear to have less abundant and less diverse invertebrate communities (Belmer, 
Tippler and Wright 2018).  
From the results of this study and previous studies in the region, BMUS with urbanised 
catchment areas appear to be being degraded according to urban stream syndrome. 
Additionally, results indicate that key markers of urbanisation in BMUS include high pH, 
high EC, low %DO, dominance of ions such as calcium, bicarbonate, and potassium, and 
elevated concentrations of barium and strontium. Findings indicate that the observed 
degradation of urban BMUS is due to anthropogenic influences, in particular the 
weathering of urban surfaces. New concrete drainage infrastructure is perhaps playing a key 
role in the chemical modification seen in urban BMUS and further research is required to 
determine the chemical impacts of concrete exposure on water and to investigate this 
potential link between the degraded water quality of BMUS and concrete infrastructure in 




Table 16. Summary of average metal concentrations for surface water, sediment, and Leptospermum (tea tree) tissue in the 8 sampled 
BMUS. Black shaded cells represent values that were below detection in the testing procedures, while a * next to a value indicates that 
the average was calculated based on a threshold value (e.g. <1), for which the maximum possible value was assumed for calculation of 









As Ba Cr Co Cu Mn Ni Pb Ti Sr Li Al Fe Zn 
Naturally 
vegetated 
Water BD 5.56 1.06 1.13 3.76 7.81 BD 1.38 1.47 2.40 BD 428.33 597.53 11.69 
Sediment 4.00* 17.82 3.43 1.20 3.22 14.12 1.46 12.88 6.83 3.35 1.13 4231.17 12375.80 7.28 
Tea trees BD 26.98 1.22 BD 4.04 411.50 BD 2.75 1.69 32.08 BD 133.42 151.67 8.88 
Urban Water BD 15.29 BD BD 1.13 40.92 BD 1.13 1.01 28.46 BD 31.25 1175.83 6.38 
Sediment 4.42 24.78 5.97 1.72 8.52 104.85 2.37 23.09 15.28 9.24 1.43 3695.42 18039.20 53.44 
Tea trees BD 17.37 1.17 BD 4.38 283.00 BD 1.04 1.83 15.74 BD 113.61 158.00 14.97 
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Chapter Two: Potential water pollution from urban concrete 
materials 
2.1 Introduction 
Globally, urban waterways exhibit similar patterns of degradation in what is known as urban 
stream syndrome (USS): modified pH and EC and high concentrations of ions such as calcium, 
potassium, magnesium, sodium, bicarbonate, sulphate, and chloride (Chambers et al. 2016; 
Connor et al. 2014; Kaushal et al. 2017). Recent research (Borris et al. 2017; Davies et al. 
2010c; Grella et al. 2014; Wright et al. 2011) indicates that concrete infrastructure, such as that 
used in urban drainage systems, may significantly affect nearby streams and thus may play a 
major role in this consistent pattern of urban stream degradation.  
Concrete, while varying slightly in composition between mixes, is generally composed of 
crushed, silicone-rich rock, a calcium-rich cement binder, and various additives such as fly ash, 
which is a by-product of coal burning (Chambers et al. 2016). It is one of the most commonly 
used construction materials in the world (Yang, Du and Bao 2011). However, there are 
increasing concerns about the environmental impact of concrete use (Jin and Chen 2015). 
Concrete has a high carbon footprint, as it requires the extraction, transport, processing and 
refinement of raw materials (Brulliard et al. 2012). The construction and demolition (C&D) 
industry also produces large amounts of waste from demolition sites (Brulliard et al. 2012; Jin 
and Chen 2015). On a worldwide scale, it is estimated that 11 billion tons of C&D waste are 
produced annually, with concrete making up 50-70% of this waste (Jin and Chen 2015). In 
Australia, it is estimated that 8.7 million tons of concrete waste are produced annually (Rahman 
et al. 2015a). This waste has previously been channelled into landfill; however, recycling is 
increasingly being suggested as a more sustainable alternative (Limbachiya, Meddah and 
Ouchagour 2012).  
Recycled concrete aggregate (RCA) is produced when waste concrete is cleaned, crushed and 
processed (Serres, Braymand and Feugeas 2016). Using RCA lessens the demand for other 
aggregate sources, thus reducing the greenhouse gas emissions associated with mining and 
production, and channels concrete waste away from landfill (Jin and Chen 2015; Rahman et al. 
2014; Wu et al. 2016). RCA is frequently used as aggregate in road base, as a gravel alternative 
for driveways, trenches, and roadways, as a filter material in permeable pavements, as landfill, 
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in irrigation, and for structuring embankments (Brulliard et al. 2012; Rahman et al. 2015a). It 
is also used for backfilling stormwater and sewer pipes (Rahman et al. 2014). In this case, water 
from pipes often overflows into the RCA bedding zone, where it may move to groundwater or 
flow through the bedding zone into nearby waterways (Rahman et al. 2014). 
Concrete is highly reactive when it contacts water and is constantly being degraded (Wright et 
al. 2018). As water runs over a concrete surface, a series of chemical reactions takes place, 
including decalcification, dissolution, carbonation, and leaking of cement components (Jacques 
et al. 2010). Thus, leaching of concrete materials into water occurs. As concrete is used widely 
in urban construction and in the drainage network (Figure 20), any water flowing into urban 
streams would have had significant contact with concrete surfaces (Davies et al. 2010c).  
 
Figure 20. Examples of concrete infrastructure and use in various environments 
(Katherine Purdy 2019) – a) a concrete pipe system draining a town and road area, b) a 
concrete drain by a roadside, c) RCA used in a driveway as a gravel alternative, and d) 
a concrete canal in a park. 
  
a)          b) 
c)            d) 
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Previous studies involving the exposure of water to whole concrete pipes and concrete 
fragments (Borris et al. 2017; Law et al. 2013; Setunge et al. 2009; Wright et al. 2018) indicate 
that concrete exposure results in an increase in water pH and EC and increases in concentrations 
of ions such as calcium and bicarbonate. Wright et al. (2018) exposed still water to concrete of 
different fragment sizes over a period of four days, and noted increases in water pH, EC, and 
concentrations of ions such as calcium, potassium, and sulphate. Similarly, Setunge et al. 
(2009) investigated chemical changes in still water in contact with concrete over a longer time 
period (approximately 30 days) and observed significant increases in alkalinity. Several studies 
(Borris et al. 2017; Davies et al. 2010c; Law et al. 2013), despite differences in age of concrete, 
exposure time, and exposure distance, have found that circulating water over concrete results 
in a rise in pH and EC, as well as increases in concentrations of calcium, bicarbonate, and other 
ions. Davies et al. (2010c) noted that, after contact with concrete, rainwater and non-urban 
stream samples became more like the sampled urban streams in terms of chemical composition. 
As these same chemical changes have been observed in urban streams across the world, urban 
concrete infrastructure may play a key role in the chemical differences seen between urban and 
nonurban waterways (Davies et al. 2010c; Tippler, Wright and Hanlon 2012).   
Furthermore, a previous study conducted by the author as a pilot study to this thesis (Purdy and 
Wright 2019) has demonstrated that concrete can be a source of heavy metals such as copper, 
chromium, strontium, titanium, and lithium. The presence of these metals is likely due to the 
addition of fly ash to improve strength and durability (Chambers et al. 2016). Several other 
studies indicate that a host of metals, including strontium, lead, barium, copper, nickel, 
uranium, cadmium, chromium, and zinc can be present in concrete containing fly ash (Borris 
et al. 2017; Chambers et al. 2016; Connor et al. 2014). This is consistent with observations 
that urban streams tend to have higher concentrations of heavy metals (Wenger et al. 2009) 
and it seems possible that concrete infrastructure may be at least a partial source of these heavy 
metals. 
As noted by Christian, Banner and Mack (2011), strontium is a relatively heavy metal and 
dissolved heavy metal concentrations in streams are largely determined by external inputs 
rather than underlying geochemistry. Furthermore, concentrations of dissolved heavy metals 
in streams are less affected by environmental processes such as evaporation, dilution, and 
mineral precipitation. The authors found a strong positive correlation between concentrations 
of strontium in streams and soil and amount of urbanisation- the greater the urbanisation of an 
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area, the greater the strontium concentrations. They suggest, therefore, that strontium could be 
used as an indicator of the degree of human impact on surface waterways in the Texas area. If 
concrete does consistently release heavy metals into water, more investigation is required to 
determine whether these heavy metals could similarly be used as potential markers to measure 
the extent of urbanisation and concrete exposure that a stream has had. Additionally, heavy 
metals can be toxic to plants, animals, and humans at higher concentrations (Tchounwou et al. 
2012), so it is vital to further investigate concrete as a heavy metal source to better understand 
its potential ecosystem impacts. 
While there is evidence to suggest that concrete drainage systems significantly affect water 
chemistry, these results need further verification and investigation. Experiments using flowing 
water have been conducted under vastly different conditions, with different types of concrete 
and water, different exposure times, and different analyses. To verify previously seen effects, 
additional experiments under consistent conditions need to be performed. However, given the 
association between concrete and changed water chemistry and the potential effects of these 
chemical changes, it is essential to investigate how any concrete products used in infrastructure 
may affect nearby waterways. While there has been some investigation into how the use of 
whole concrete will affect nearby streams, there are limited studies examining how using RCA 
in urban infrastructure may impact waterways. Therefore, this study aimed to: 
• Confirm the chemical changes that occur when water is exposed to whole pipe concrete 
by repeating recirculation experiments with similar methodology to previous studies 
(e.g. Davies et al. 2010c; Purdy and Wright 2019) 
• Verify concrete as a source of heavy metals, by repeating recirculation experiments and 
analysing metal concentrations before and after concrete exposure 
• Investigate any chemical changes that may occur when water is exposed to RCA, 




2.2 Materials and Methods 
2.2.1 Water sampling 
Water for this investigation was sourced from a pristine Blue Mountains Upland Swamp 
(BMUS). BMUS water was chosen for this experiment as it is naturally dilute, slightly acidic, 
and poorly buffered, similar to the rainwater of this region (Belmer, Wright and Tippler 
2015); thus any pH, EC, ionic or metallic changes resulting from concrete recirculation 
would be easily observed and the resultant water would be chemically similar to urban runoff 
in this region. Additionally, many BMUS with urban catchment areas exhibit chemical 
degradation according to USS and it is hypothesised that this degradation may be due, at least 
in part, to new concrete infrastructure in the region (Belmer, Tippler and Wright 2018; 
Carroll, Reynolds and Wright 2019). Thus, investigation into how exposure to concrete 
affects BMUS water will assist in determining key factors in the degradation of BMUS. 
Water was collected from the Mt Hay BMUS (Figure 21; see Chapter One - 1.2 Materials and 
Methods for more detail) which is considered pristine as all of its catchment is naturally 
vegetated and it exhibits the characteristic low pH (<5), low EC (<30 µs/cm) and dominance 
of sodium and chloride ions of non-urbanised BMUS (Belmer, Wright and Tippler 2015). 
Water was collected on two dates, 8/04/2019 and 14/04/2019, and was collected in several 
five litre containers on each occasion. Water was collected with minimal headspace in the 




Figure 21. The Mt Hay BMUS, where water was sourced for the recirculation 
experiments. a) the exit stream of the swamp. b) the whole swamp area. c) the pool 




b)               c) 




2.2.2 Water recirculation 
The collected water was divided into 9L volumes and was recirculated amongst four different 
treatments for 60 minutes (Figure 22; Figure 23). The first treatment, considered the control, 
was an empty PVC gutter, 100mm wide and 2500mm long. The second was a steel-
reinforced concrete pipe. The final two treatments consisted of the previously PVC gutter 
containing 9kg of either 20mm (third treatment) or 45mm RCA (fourth treatment) (Figure 
24). The RCA mixes were commercially sourced from Parklea Sand and Soil (Windsor, 
NSW, 2756) (Figure 24). The RCA was spread so that it covered the PVC gutter to an 
average depth of 40mm, mimicking a trench.  
Following the methods of Davies et al. (2010c), which aimed to simulate how water travels 
through stormwater infrastructure to streams, 9L of water was pumped through each of these 
pipes using a 240-volt submersible electric water pump (Aquapro AP550 ‘Waterfeature’ 
pump). The pump was placed in a plastic sump containing the 9L of water, situated at one 
end of the pipe (Figure 22). The water was pumped through a vinyl tube into the opposite end 
of the pipe or gutter, where it flowed back through the length of the pipe or gutter into the 
sump. The vinyl tube was clamped so that water was delivered 500 mm inside the pipe or 
gutter, to avoid backflow and subsequent water loss, giving a total contact length of 2000 mm 
for all treatments. The flow rate generated by the pump was 0.44L/s, calculated as the time 
taken to fill a 10L bucket averaged over three replicates. 
Water quality was monitored throughout the experiment using a handheld meter with probes 
immersed in the sump container (TPS Aqua-C waterproof conductivity-TDS-temperature 
meter).  pH (pH units), electrical conductivity (µS/cm), and temperature (°C) readings were 
taken at two-minute intervals throughout the experiment for the whole concrete pipe and PVC 
pipe. For the two RCA types, these measurements were taken at 30 second intervals for the 
first 30 minutes of the recirculation period and every two minutes thereafter. These intervals 
were decided upon as a consequence of a pilot study conducted in early 2019, which 
demonstrated that the pH and EC changes for RCA were much more rapid than those of the 
PVC and whole pipes. Thus, a shorter sampling interval was required.  
The water was continuously recirculated for 60 minutes through each of the four treatments. 
Three 200 mL samples of the BMUS water were collected before the pump was switched on. 
These were classified as ‘before-recirculation’ samples. Similarly, three 200mL samples were 
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taken were taken at the end of the recirculation experiment, considered the ‘after-recirculation’ 
samples. These ‘before’ and ‘after’ samples were sent to a commercial, NATA-accredited 
laboratory to determine major ion and metal concentrations. Metals tested for included arsenic, 
barium, cadmium, chromium, copper, cobalt, manganese, molybdenum, nickel, lead, titanium, 
strontium, lithium, uranium, and zinc, while ions tested included sodium, potassium, calcium, 
and magnesium. The tested metals and ions chosen were based on major metals commonly 
occurring in urban streams (Paul and Meyer 2001). Concentrations of metals were measured 
using inductively coupled plasma mass spectrometry, while ion concentrations were 
determined using inductively coupled plasma atomic emission spectroscopy (Envirolab, 
personal communication 8 May 2019). For each type of pipe, the experiment was repeated 
three times with the above methods. Prior to recirculation experiments and in between 
replicates, the pipe or gutter, pump and tubing were thoroughly rinsed using distilled water to 
ensure that the equipment was not contaminated by previous trials.  
 





Figure 23. The four recirculation treatments – a) the control PVC gutter containing no 
concrete, b) the gutter with 20mm RCA, c) the gutter with 45mm RCA (Katherine 
Purdy 2019), and d) the whole concrete pipe (Katherine Purdy 2018).  
 
Figure 24. The two grades of RCA used for the recirculation experiments – a) 20mm 
RCA and b) 45mm RCA (Katherine Purdy 2019). 
 
  
a)       b)            c)       d)  
a)                      b) 
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2.2.3 Statistical analyses 
All statistical analyses were performed using Microsoft Excel. Changes in pH, EC, metal, 
metalloid and cation concentrations compared ‘before’ and ‘after’ 60 minutes of 
recirculation through the four treatments. BMUS water from Mt Hay was used as the water 
for all recirculation experiments. Changes in water chemical attributes ‘before’ versus ‘after’ 
recirculation were evaluated using a Student’s t-test, assuming unequal variance. All data 
was log-transformed prior to the t-test to approximate a normal distribution. Some water 
chemical attributes were not detected as they were less than laboratory detection limits. In 
these cases, for data analysis purposes, the result was assumed to be half of the detection limit 









2.3.1 Field water quality 
On both water collection dates, the weather was dry and overcast and the flow of water 
emerging from the swamp was typical of dry weather conditions. On the first water collection 
date, the average field pH and EC, calculated over 5 replicate readings, were 4.65 pH units 
and 29.7 µs/cm, while on the second collection date, these values were 4.78 pH units and 
28.6 µs/cm respectively. 
2.3.2 Water quality changes 
For all treatments involving either a concrete pipe or RCA material, the pH increased 
significantly over the recirculation period (Table 17; Figure 25). BMUS water was mildly 
acidic before recirculation, with values ranging from 4.86 to 4.89 pH units. After 
recirculation through the whole concrete pipe, the pH increased by a mean of 3.21 pH units to 
8.1. After recirculation through the gutter containing 45 mm RCA material, the pH increased 
by 3.88 pH units to 8.77 pH units. The largest increase of 4.41 pH units to 9.21 pH units was 
recorded when water was recirculated through 20mm RCA material. No significant change in 
pH was observed for the water after recirculation through the PVC gutter.  
EC changed significantly after recirculation for all treatments (Table 17; Figure 26). The 
average EC of BMUS water before recirculation ranged from 26.70µs/cm to 28.53µs/cm. A 
mild decrease (1.70µs/cm) in EC was observed after water was recirculated through the PVC 
pipe, with an average EC post-recirculation of 26.47µs/cm. For all concrete types, a 
significant increase in EC was observed, with average post-recirculation values ranging from 
72.11µs/cm for the whole concrete pipe, 153.63 µs/cm for the 45 mm RCA, and 333.27µs/cm 





Figure 25. Average changes in pH over 60 minutes across three replicate runs for four 
different surface types – a whole concrete pipe (blue), a PVC gutter (orange), a PVC 
gutter filled with 20mm RCA (purple), and a PVC gutter filled with 45mm RCA 
(green).  
 
Figure 26. Average changes in EC over 60 minutes across three replicate runs for four 
different surface types – a whole concrete pipe (blue), a PVC gutter (orange), a PVC 
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2.3.3 Changes in metal concentrations 
Various changes in concentration of metals and major ions were observed across the four 
different pipe treatments (Table 17). After recirculation through each of the four treatments, 
ionic and metallic composition of the water differed (Figure 27; Figure 28). Pristine BMUS 
water before recirculation only had detectable concentrations of aluminium (Figure 32), 
barium, and sodium but, after recirculation, had much higher concentrations of various ions 
and metals.  
For all three concrete materials tested (whole concrete pipe, 20mm RCA, and 45mm RCA), 
significant changes in aluminium, barium, chromium, lithium, strontium, titanium, sodium, 
calcium, and potassium concentrations were observed (Table 17; Figure 29; Figure 30; Figure 
31; Figure 32). Chromium, lithium, strontium, titanium, calcium, and potassium 
concentrations all rose from undetectable concentrations (<1µg/L) to detectable 
concentrations after recirculation through concrete materials. Aluminium and barium 
concentrations decreased significantly but minimally after recirculation through the whole 
concrete pipe – aluminium from 370.00µg/L to 308.00µg/L and barium from 2.00µg/L to 
1.20µg/L. 
Greater increases in the concentrations of many metals were measured after water was 
recirculated through the two RCA treatments (Table 17; Figure 29; Figure 30; Figure 31; 
Figure 32). For both RCA treatments, the largest mean increase for a metal was recorded for 
aluminium from 380.00µg/L (before recirculation) to 661.39µg/L (20 mm RCA) and 
1458.1µg/L (45mm RCA) after 60 minutes recirculation (Figure 32). Barium increased from 
2.00µg/L (before) to means of 12.97µg/L (45mm RCA) and 15.06µg/L (20mm RCA) after 
recirculation. Five metals – chromium, molybdenum, titanium, lithium, and strontium - 
increased significantly in concentration from undetectable concentrations (<1.00µg/L) to 
detectable concentrations after recirculation through the RCA treatments. The largest increase 
in mean concentrations for this group of metals was observed for strontium - concentrations 
rose from <1.00µg/L (before) to 57.50µg/L (45mm RCA) and 129.40µg/L (20mm RCA). 
Additionally, for both RCA treatments, significant increases in arsenic, lead, manganese, 
molybdenum, and magnesium concentrations were observed. All of these metals and ions 
increased from undetectable to detectable concentrations. 
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For the PVC control pipe, the only significant changes were in aluminium, strontium, 
titanium, and sodium concentrations (Table 2; Figure 29; Figure 32). Aluminium decreased 
from an average concentration of 370.00µg/L to 313.30µg/L, while average strontium and 
titanium concentrations increased marginally from undetectable levels to 2.43µg/L and 
0.96µg/L, respectively. Sodium also increased slightly from a mean of 3.67mg/L (before) to 







Table 17. Summary statistics (minimum, maximum and mean) of metalloid, metal and major cation results collected from ‘before’ 
reference water (naturally vegetated Mt Hay swamp) compared to the same water after 60 minutes of recirculation through one of four 
treatments (PVC gutter, whole concrete pipe, 20mm RCA, 45mm RCA). Minimum values, maximum values and means are all given to 2 
decimal places. Significance of difference (p-values) is indicated as * (p < 0.05), ** (p < 0.01), and *** (p < 0.001). 
 Before After After After After 
Reference PVC pipe Concrete pipe 20 mm RCA 45 mm RCA 
Variables (units) Min.-Max. (Mean) Min.-Max. (Mean) Min.-Max. (Mean) Min.-Max. (Mean) Min.-Max. (Mean) 
pH (pH units) 4.47 – 5.00 (4.86) 5.04 – 5.38 (5.18) 8.10 – 8.31 (8.21) *** 8.96 – 9.59 (9.21) *** 8.72 – 8.80 (8.77) *** 
EC (µS/cm) 26.00 – 29.60 (27.90) 26.20 – 26.70 (26.50) * 66.00 – 76.10 (72.10) ** 303.60 – 362.50 (333.30) 
** 
137.70 – 174.90 (153.60) ** 
Arsenic (µg/L) <1.00 <1.00 <1.00 3.00 – 5.00 (3.90) *** 1.00 – 2.00 (1.30) *** 
Aluminium (µg/L) 340.00 – 400.00 (370.00) 300.00 – 320.00 (313.30) * 260.00 – 340.00 (308.00) 
** 
280.00 – 970.00 (654.00) 
** 
770.00 – 2000.00 (1461.00) 
*** 
Barium (µg/L) 2.00 2.00 – 3.0 0 (2.20) <1.00 – 2.00 (1.20) ** 10.00 – 22.00 (14.60) *** 8.00 – 18.00 (12.90) *** 
Chromium (µg/L) <1.00 <1.00 2.00 – 5.00 (3.30) *** 8.00 – 10.00 (8.90) *** 5.00 – 10.00 (7.80) *** 
Lead (µg/L) <1.00 <1.00 <1.00 <1.00 – 4.00 (2.11) ** 3.00 – 12.00 (7.50) *** 
Lithium (µg/L) <1.00 <1.00 1.00 – 3.00 (1.90) *** 20.00 – 30.00 (24.80) *** 6.00 – 9.00 (7.50) *** 
Manganese (µg/L) <5.00 <5.00 <5.00 <5.00 – 30.00 (14.44) ** 10.00 – 40.00 (26.00) *** 
Molybdenum 
(µg/L) 
<1.00 <1.00 <1.00 6.00 – 9.00 (7.40) *** 2.00 – 3.00 (2.20) *** 
Strontium (µg/L) <1.00 1.20 – 5.60 (2.43) *** 13.00 – 15.00 (13.90) *** 84.00 – 160.00 (125.60) 
*** 
53.00 – 70.00 (56.90) *** 
Titanium (µg/L) <1.00 <1.00 – 1.40 (0.96) * <1.00 – 1.20 (0.85) * 7.70 – 34.00 (18.97) ** 22.00 – 44.00 (34.80) *** 
Sodium (mg/L) 
 
3.60 – 3.80 (3.70) 3.80 – 3.90 (3.85) * 3.70 – 4.00 (3.88) * 19.00 – 26.00 (21.50) *** 11.00 – 14.00 (11.90) *** 
Calcium (mg/L) 
 
<0.50 <0.50 – 0.60 (0.35) 8.10 – 8.90 (8.49) *** 27.00 – 42.00 (34.60) *** 14.00 – 19.00 (16.20) *** 
Potassium (mg/L) 
 








Figure 27. Average concentration of selected metals of pristine BMUS water before 
recirculation compared to metal concentrations in the same water after 60 minutes 
recirculation through four different treatments: a PVC gutter, a whole concrete pipe, a 
PVC gutter filled with 20mm RCA, and a PVC gutter filled with 45mm RCA. 



















































Figure 28. Average concentration of four major cations (magnesium, potassium, sodium 
and calcium) of pristine BMUS water before recirculation compared to ion 
concentrations in the same water after 60 minutes recirculation through four different 
treatments: a PVC gutter, a whole concrete pipe, a PVC gutter filled with 20mm RCA, 



















































Figure 29. Average ion concentrations (±SE) for pristine BMUS water (before 
recirculation – blue), BMUS recirculated through an empty PVC gutter (purple) and 
BMUS water recirculated through a whole concrete pipe (green), a PVC gutter filled 





































Figure 30. Selected average metal concentrations (±SE) for pristine BMUS water 
(before recirculation – blue), BMUS recirculated through an empty PVC gutter (purple) 
and BMUS water recirculated through a whole concrete pipe (green), a PVC gutter 







































Figure 31. Selected average metal concentrations (±SE) for pristine BMUS water 
(before recirculation – blue), BMUS recirculated through an empty PVC gutter (purple) 
and BMUS water recirculated through a whole concrete pipe (green), a PVC gutter 




































Figure 32. Mean aluminium concentrations (±SE) for pristine BMUS water (before 
recirculation – blue), BMUS recirculated through an empty PVC gutter (purple) and 
BMUS water recirculated through a whole concrete pipe (green), a PVC gutter filled 



































2.4 Discussion and Conclusions 
2.4.1 Concrete materials leach ionic and metallic contaminants into water 
This study highlights the potential for concrete materials, when exposed to water, to release a 
suite of contaminants at concentrations that could be ecologically hazardous to aquatic 
species. For this study, significant increases in potassium, sodium and calcium were observed 
for all three types of concrete. Both calcium and potassium rose from undetectable levels to 
detectable levels with concrete exposure, with the maximum values being obtained for 20mm 
RCA. Increases in calcium, potassium, and sodium for water exposed to concrete materials 
are also observed in Wright et al. (2018), Wright et al. (2011) and Grella et al. (2014). 
Elevated calcium, sodium, and potassium levels are observed in urban streams across the 
world and the results of this study add further support to the hypothesis that exposure of 
water to concrete materials in the catchments of urban streams contributes to the chemical 
differences seen between urban and nonurban waterways (Connor et al. 2014; Wright et al. 
2011).  
This study also demonstrates that all the tested types of concrete leach a suite of heavy metals 
into water in only sixty minutes of exposure time. All three types of concrete were associated 
with significant and rapid increases in aluminium, barium, chromium, lithium, strontium, and 
titanium. Additionally, the two types of RCA were associated with significant increases in 
arsenic, lead, manganese, molybdenum, and magnesium. Several previous studies have 
similarly noted that concrete materials leach heavy metals such as strontium, chromium and 
lead into water under a variety of conditions (Müllauer, Beddoe and Heinz 2015; Purdy and 
Wright 2019; Vollpracht and Brameshuber 2016); however, to the best of our knowledge, this 
is the first study to demonstrate such rapid and significant leaching of metallic contaminants 
from concrete. 
The concentrations of aluminium in water exposed to all three concrete types was particularly 
hazardous according to Australian water quality guidelines (ANZECC 2000). Average 
aluminium concentrations of 308.00µg/L, 661.40µg/L and 1458.00µg/L were attained after 
recirculation through the whole concrete pipe and the 20mm and 45mm RCA treatments. 
These concentrations are a considerable ecological hazard as they exceeded the ANZECC 
guidelines for aluminium for protection of 99% of species (27.00µg/L if pH is >6.5) by more 
than 11 times, 50 times and 23 times, respectively. ANZECC guidelines for aluminium in 
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waterways are based on aluminium concentrations and on pH, as pH affects the toxicity and 
bioavailability of aluminium (ANZECC 2000). As demonstrated in this study, concrete 
exposure can affect both aluminium concentrations and pH and thus concrete is likely to have 
complex environmental impacts on waterways. 
Additionally, lead was undetected (<1.00µg/L) at the outset of the experiment. After 
recirculation through the RCA material, water had a mean lead concentration of 2.10µg/L for 
the 20mm RCA and 7.56µg/L for the 45mm RCA. One replicate experiment recirculated 
through 45mm RCA recorded a final lead concentration of 12.00µg/L. These results all 
exceeded Australian water quality guidelines for protecting aquatic ecosystems (ANZECC 
2000) as such concentrations exceed the lead trigger value of 1.0µg/L for the 99% level of 
protection (ANZECC 2000).  
The results of this study are similar to those of a pilot study conducted prior to this thesis (Purdy 
and Wright 2019), in which significant increases in chromium, titanium, lithium, strontium, 
calcium, and potassium were also observed after recirculation through a whole concrete pipe. 
However, few studies have been conducted to assess metal leaching from RCA products. 
Rahman et al. (2014) also reported the presence of heavy metals in RCA and the subsequent 
leaching of these metals into water after exposure to RCA materials. Arsenic, barium, 
chromium, molybdenum, and lead were detected in the RCA, but the only detectable leaching 
occurred for barium and chromium. These leaching studies were conducted using a mild acid 
and mild base, and the authors recommend that the presence of heavy metals in RCA require 
further investigation. In contrast, results of this study indicate that RCA leaches a greater range 
of metals and ions, including arsenic, aluminium, barium, chromium, lead, lithium, manganese, 
molybdenum, strontium, titanium, sodium, calcium, potassium, and magnesium. 
The presence of heavy metals is frequently recorded in urban streams and previously the 
presence of these metals has been attributed to their use in car brakes, tyres, and engines, and 
subsequent incidence on roadways and carparks (Carr et al. 2000; Paul and Meyer 2001; 
Wenger et al. 2009). However, this study demonstrates that concrete materials themselves are 
a source of metal contamination and provides an alternative explanation for the characteristic 
high ionic and metallic concentrations in urban streams. In Australia, it is common for concrete 
to contain up to 5% fly-ash (Ash Development Association of Australia (ADDA) 2009) and 
thus the metallic and ionic contamination demonstrated in this study were likely due to the coal 
fly ash component of the concrete pipe and concrete materials from which the RCA is derived. 
88 
 
It is therefore likely that concrete with lesser or negligible fly-ash in the original formulation 
would probably result in lower metal concentrations. Additionally, as noted by Wu et al. 
(2016), RCA composition differs markedly from batch to batch, with some mixtures containing 
much higher proportions of ceramic, brick, or concrete. Thus, it seems likely that the observed 
differences in metal results between the two sizes of RCA are due to variations in RCA batches, 
as well as differences in the exposed surface area of the concrete (Wright et al. 2018). The 
variability in RCA materials requires further testing and future studies would benefit from 
exposing water to multiple RCA products and batches to further understand the range and 
nature of potential environmental contamination risks. 
2.4.2 Elevated water pH and EC due to concrete exposure 
This investigation also supports previous studies demonstrating that concrete can trigger 
rapid and substantial increases in water pH and EC (Davies et al. 2010c; Grella et al. 2014; 
Purdy and Wright 2019; Wright et al. 2011). Significant increases in pH and EC were 
observed for all three concrete materials, with the greatest increase being observed for the 
20mm RCA, followed by the 45mm RCA, and finally the whole concrete pipe. pH changed 
rapidly, with the greatest increases observed in the first ten minutes of the experimental 
period, after which changes tended to plateau out. Davies et al. (2010c) and Grella et al. 
(2014) both observed similar patterns in pH change, despite differences in starting pH and 
recirculation time. Davies et al. (2010c) exposed three types of water to a whole concrete 
pipe, recirculating the water for 100 minutes through the pipe. Similar changes to this study 
were observed, with pH reaching values of 7.70 to 8.00pH units. The authors note that the 
largest increases in pH were observed for the more acidic water types tested. In this study, the 
pristine BMUS water was mildly acidic before recirculation and this likely played a role in 
the large and rapid increases seen in water physiochemical properties. However, similar 
maximum values for water recirculated throughout the whole pipe were observed in this 
study, despite a much lower water starting pH than in other studies, with an average post-
recirculation pH of 8.21 pH units.  
Post-recirculation pH was much higher for both RCA materials. The highest final pH of 9.21 
pH units, an increase of 4.41 pH units, was recorded after 60 minutes recirculation through 
the smaller (20mm) RCA treatment, while the average final pH of water recirculated through 
the 45mm RCA was 8.77 pH units. Wright et al. (2018) similarly report significant and rapid 
increases in pH and EC with still water exposed to ‘fine’ (less than 30mm3) and crushed (30-
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80 mm3) concrete. Within 5-20 minutes of exposure, the pH of the water exposed to the fine 
concrete treatment exceeded 11, while pH of the crushed concrete treatment was over 7. 
Results were obtained over a much longer exposure period of 96 hours total and it was 
observed that pH reached an apparent peak, after which it plateaued and decreased slightly. 
At the end of the 96 hours, the water pH values for the fine and crushed concrete treatments 
were 11.54 and 10.36 pH units. As in the current study, smaller fragments of concrete were 
associated with greater chemical changes. 
EC increased significantly for all concrete treatments. While EC changes for water 
recirculated through the whole concrete pipe were approximately linear, in keeping with the 
findings of Grella et al. (2014), EC changes for the two types of RCA followed the trend of 
the pH changes observed, with rapid rises seen it the first ten minutes of the experimental 
period, followed by a gradual plateau. Again, the highest increases were seen for the water 
recirculated through the two types of RCA. The highest EC (mean 333.27µs/cm) was 
obtained at the conclusion of 60 minutes of recirculation through the 20mm RCA treatment. 
This was an 11.5-fold increase on the prior EC (mean 26.70µs/cm). These results are similar 
to the results of Wright et al. (2018) who reported steep increases in pH and EC with water 
exposed to ‘fine’ (less than 30mm3) and crushed (30-80 mm3) RCA material, in a static 
laboratory experiment. EC values in this investigation reached 1123.70µs/cm and 
273.00µs/cm for fine and crushed RCA treatments, respectively. For both studies, smaller 
fragment sizes of concrete were associated with the largest increases in EC and pH. Wright et 
al. (2018) suggest that these greater increases are due to the increased surface area of the 
smaller concrete fragments compared to the other concrete types tested, resulting in greater 
leaching of concrete components. Smaller fragments of concrete therefore are more likely to 
leach greater amounts of contaminants into water and, thus, 20mm RCA results can be 
regarded as demonstrating the most extreme leaching of concrete materials into water in this 
study. 
Elevated pH and EC values are commonly associated with waterways with urbanised 
catchments (Arnold and Gibbons 1996; Chambers et al. 2016; Connor et al. 2014; Davies et 
al. 2010a; Vietz et al. 2014; Wright et al. 2011). For example, Wright et al. (2018) compared 
the water chemistry of urban streams with physically similar pristine ‘reference’ streams 
across northern Sydney and observed that the reference streams were mildly acidic. Urban 
streams in this study had an EC of more than twice that of the reference streams. As the 
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concrete used in this experiment appears to cause similar pH and EC changes to those seen in 
urban waterways, it seems likely that concrete in the urban landscape is playing a key role in 
the degradation of urban streams.  
2.4.4 Management implications and future research recommendations 
Elevated pH, EC, and higher concentrations of metals and ions can have a variety of 
environmental implications. For example, high alkalinity has been linked with death of 
freshwater fish (Setunge et al. 2009) and increased concentrations of salts can be toxic to plants 
and invertebrates (Kaushal et al. 2005). Additionally, while many heavy metals are important 
in plant and animal biochemical and physiological functions, they can also be toxic at higher 
concentrations (Tchounwou et al. 2012). Heavy metals can also have a range of effects on plant 
growth and processes (Ugulu 2015). 
Given that concrete is increasingly being used in urban development across the world 
(Chambers et al. 2016) and that its environmental effects are poorly recognised, further 
investigation is needed to evaluate the potential environmental impacts of using concrete, 
particularly RCA, in trenches and drains. Many governments in Australia, Europe, US and 
Japan offer incentives for the use of RCA to reduce the use of virgin aggregate material (Jin 
and Chen 2015). As in many other countries, the Victorian government in Australia have a 
zero-waste policy requiring that all potentially recyclable wastes are diverted from landfill 
(Rahman et al. 2015b). However, given the potentially unforeseen water contamination risks 
associated with RCA in this study, stricter guidelines may need to be developed by local, 
regional and national councils and government bodies to regulate the use of RCA. Of particular 
concern is its use as a drainage material, as a road base, and as fill material in waterlogged 
locations in or near waterways and riparian zones, particularly in proximity to sensitive 
ecosystems. From the results of this study, it seems reasonable to recommend that concrete 
materials should be used with caution around sensitive or high conservation ecosystems, and 
that concrete construction materials should be subject to leaching tests.  
Additionally, while urban stream water is associated with degraded invertebrate communities 
(Ladson, Walsh and Fletcher 2006; Walsh et al. 2007), little is known about how concrete-
exposed water may affect aquatic organisms. Grella et al. (2014) suggested a link between 
calcium concentrations in water and the success of invasive snail species, as snail shells are 
primarily composed of calcium carbonate and freshwater snails take up calcium directly from 
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water (Bukowski and Auld 2014). Both Rundle et al. (2004) and Bukowski and Auld (2014) 
have linked increased shell growth in freshwater snails with higher calcium concentrations, and 
thus future research is required to determine whether calcium-rich, concrete-exposed water 
may affect the community structure of invertebrate assemblages.  
Moreover, while Australian drinking water guidelines (National Health and Medical Research 
Council (NHMRC) 2011) and water quality guidelines (ANZECC 2000) outline standards for 
metals such as chromium and copper in water, there are no guidelines for strontium, titanium, 
and lithium. Further investigation is required to determine the extent of these metals in urban 
waterways but, given their connection to concrete and their possible ecological implications, it 
is important to consider developing guidelines for these metals.  
The link between release of these metals and concrete exposure may be important in future 
research. This study demonstrates than several heavy metals such as barium, chromium, lead, 
lithium, strontium, and titanium are linked with concrete exposure. As suggested by Christian, 
Banner and Mack (2011), a heavy metal such as strontium could be used as an indicator of the 
degree of human impact on surface waterways. Further investigation is required to determine 
whether the suite of heavy metals released by concrete could be used as potential markers to 
the impact of urbanisation and the exposure of stream water to concrete. Additionally, research 
is required to determine whether these heavy metals in urban waterways are becoming 
bioavailable and are being taken up by plants and aquatic invertebrates. If bioaccumulation of 
heavy metals is occurring in plant and animal tissue, this could have broader effects on the food 




Chapter Three: The effect of three different urban water types on 
the growth and tissue content of a common invasive weed, Salix 
babylonica (weeping willow) 
3.1 Introduction 
Riparian zones in urbanised areas frequently exhibit modified vegetation communities when 
compared to nonurbanised areas (Ehrenfeld and Schneider 1991; Leishman, Hughes and Gore 
2004). Urban streambanks are often dominated by invasive weed species, with few or no 
native species present (Tippler, Wright and Hanlon 2012). This degradation in vegetation 
communities is considered a key symptom of urban stream syndrome (USS) and will have a 
variety of effects on stream ecosystems (Paul and Meyer 2001; Walsh et al. 2005). 
Riparian vegetation plays a key role in stabilising, binding and reinforcing banks and 
accelerating sedimentation (Gurnell, Lee and Souch 2007), as well as regulating stream 
temperature, trapping and filtering nutrients and pollutants, and contributing organic matter to 
streams (Wenger et al. 2009). Thus, changes in riparian vegetation communities can have 
cascading ecosystem effects. Vegetation clearing can result in erosion, unstable channels, and 
increased influx of pollutants to the stream, while the invasion of non-native species can 
similarly affect stream stability and hydrology, as well as organisms in the waterway and 
riparian zone (Gurnell, Lee and Souch 2007). 
Dominance of weed species along urban waterways and lack of native vegetation has been 
observed across the world. In Australia, Dean and Tippler (2016) observed that, in areas of 
limited urbanisation along a western Sydney stream, there were lower proportions of weeds 
and higher proportions of native vegetation, but, in areas of higher urbanisation, riparian 
vegetation was in poor condition. These results are consistent with the observations of Grella, 
Renshaw and Wright (2018) in which soils in the most urbanised study areas of Sydney were 
associated with greater coverage and species richness of invasive weeds when compared to 
more pristine study areas. Additionally, in northern Sydney, King and Buckney (2002) found 
significantly greater numbers of exotic species at urban sites and significantly fewer native 
species than in naturally vegetated areas. Another northern Sydney study (King and Buckney 
2000) observed that only native species were present around streams with no urban 
development in their catchment areas but streams affected by urban development all had at 
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least one weed species present. Similarly, in the UK, urban riparian areas have been observed 
to have higher proportions of non-native species and lower species richness compared to rural 
rivers (Cockel and Gurnell 2012). In the USA, increasing urbanisation has been associated 
with the loss of native species and increasing colonisation of exotic species (Ehrenfeld and 
Schneider 1991). In Japan, the probability of incidence of a common invasive species was 
strongly associated with proportion of urban area and road density (Akasaka, Osawa and 
Ikegami 2015). 
It is likely that a number of factors contribute to the success of non-native species in urban 
areas. Exotic species generally are able to invade stream ecosystems due to propagules 
entering the stream from human habitation in nearby areas (King and Buckney 2000) and 
urban areas provide convenient transport paths for weed propagules via vehicles, humans and 
domestic animals (Akasaka, Osawa and Ikegami 2015). Thus, many exotic species are 
present in populated centres and are easily able to spread to nearby ecosystems. However, the 
success of exotic species is probably also due to the chemical differences seen in water and 
soil between urban and non-urban areas. 
According to the USS, urban waterways are chemically degraded when compared to 
waterways in pristine areas (Meyer, Paul and Taulbee 2005; Paul and Meyer 2001; Walsh et 
al. 2005). Urban waterways tend towards higher pH values, higher EC or salinity, and exhibit 
ionic modification such as dominance by sodium, chloride, potassium, bicarbonate and 
calcium (Connor et al. 2014; Conway 2007; Kaushal et al. 2005; Tippler, Wright and Hanlon 
2012; Wenger et al. 2009). Urban soils also exhibit a variety of chemical differences when 
compared to soil in more pristine areas. They are associated with higher concentrations of 
phosphorous, nitrogen, and major ions such as potassium, magnesium, calcium, and sodium 
(King and Buckney 2002).  
Grella et al. (2014) noted that areas with higher proportions of invasive species had soil that 
was highly enriched with potassium, phosphorous, and calcium and had higher pH, salinity 
and percentage of organic matter. Similarly, Park et al. (2010) observed that road-side soils 
had higher pH, Ca, carbon and nitrogen than areas further from roads and Shaw and Reeve 
(2008) observed that soils closest to a carpark were richest in nutrients, had the highest 
dissolved salt levels, and were highest in pH. Nutrients such as nitrogen and phosphorous are 
typically associated with weed invasions and higher nitrogen and phosphorous levels are 
linked with increased weed growth (Leishman, Hughes and Gore 2004; Leishman and 
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Thomson 2005). Therefore, these higher nutrient, salinity and ion levels in urban water and 
soil may inhibit native species that are less tolerant to these conditions and encourage the 
establishment of exotic species that are more adapted to these urban environments (King and 
Buckney 2000).  
Furthermore, urban water and soils are commonly polluted with pesticides and heavy metals 
(Paul and Meyer 2001). Common metals in streams include cadmium, chromium, copper, 
lead, and zinc (Wenger et al. 2009). Heavy metals can transfer further into the ecosystem, 
depending on their bioavailability, and have a variety of effects on plant growth and 
processes (Ugulu 2015). While many heavy metals are important in plant and animal 
biochemical and physiological functions, they can also be toxic at higher concentrations 
(Tchounwou et al. 2012). For example, chromium toxicity in plants has been reported 
(Oliveira 2012), and copper is very toxic to aquatic invertebrates (Tchounwou et al. 2012). 
Heavy metals can also affect a variety of plant processes, including tissue development, 
germination, and photosynthesis (Oliveira 2012).  
Additionally, weed invasions in urban wetlands as well as urban riparian zones have also 
been observed worldwide. Studies in the USA have observed the invasion of exotic, woody 
species in urban wetlands, which exhibit altered hydrology and eutrophication (Choi 2000; 
Choi and Bury 2003; Galatowitsch, Anderson and Ascher 1999). Galatowitsch, Anderson and 
Ascher (1999) noted that urban land use near wetlands was associated with increased salinity 
in the wetlands which native species were unable to tolerate. This, combined with higher 
nutrient levels, appeared to allow invasive species to colonise and dominate urban wetlands. 
Additionally, high nitrogen concentrations, attributed to agricultural runoff, were associated 
with the success of invasive species (Choi and Bury 2003). Similarly, in south-east Australia, 
Catford et al. (2011) observed high coverage of exotic species and low coverage of native 
species in wetlands that were highly hydrologically disturbed. The authors postulate that 
altered hydrology due to urban development led to drier conditions in the wetlands, which, 
combined with human mediated dispersal of invasive species, led to diminished native 
vegetation and dominance of weed species.  
In Blue Mountains Upland Swamps (BMUS), Carroll, Reynolds and Wright (2019) similarly 
noted weed invasion in swamps with urban catchments, with reduced presence of native 
species. However, surprisingly, the authors observed low to negligible concentrations of 
nitrogen and phosphorous. It appears, therefore, that unlike in other urban wetlands and 
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riparian zones, nitrogen and phosphorous do not contribute to the success of weed species in 
BMUS. Thus, other physiochemical properties in the swamps must be playing a role in the 
observed vegetation differences. Urban BMUS exhibit a number of chemical differences 
when compared to pristine BMUS (see Chapter One for more detail), including higher pH, 
higher EC, and higher concentrations of ions and metals such as calcium, bicarbonate, 
potassium, barium, and strontium (Belmer, Tippler and Wright 2018; Belmer, Wright and 
Tippler 2015; Carroll, Reynolds and Wright 2019; Carroll, Wright and Reynolds 2018). 
These changed chemical properties have been associated with the weathering of urban 
infrastructure, particularly concrete surfaces (Borris et al. 2017; Davies et al. 2010c; Wright 
et al. 2018), as discussed in Chapter Two.  
Furthermore, many studies (King and Buckney 2000; Leishman, Hughes and Gore 2004; 
Leishman and Thomson 2005; Park et al. 2010) suggest that urban and stormwater runoff are 
major sources of nutrient enrichment and heavy metal contamination in riparian ecosystems. 
Several studies (Carroll, Wright and Reynolds 2018; Grella, Renshaw and Wright 2018; Park 
et al. 2010) hypothesise that the weathering of urban materials, particularly concrete, is also 
heavily contributing to the chemical differences seen between urban and non-urban streams. 
Given that concrete is becoming more and more widely recognised as a source of ionic, 
metallic, and chemical modification in urban waterways (Davies et al. 2010c; Grella et al. 
2014; Wright et al. 2011), it is important to investigate how these changes in water and soil 
chemistry in urban streams are likely to affect riparian vegetation communities. Urban 
concrete infrastructure is being increasingly recognised as a source of heavy metal 
contamination (Purdy and Wright 2019; Rahman et al. 2014) and plant processes are likely to 
be affected by the presence of heavy metals in waterways (Ugulu 2015). Plants accumulate 
pollutants in their tissues and plants near high traffic streets and residential areas frequently 
have higher concentrations of heavy metals in their tissues (Buszewski et al. 2000). It is 
hypothesised that these higher metal concentrations are due to the presence of metals as 
particulates in the air or due to higher soil metal concentrations (Tchounwou et al. 2012). 
However, metals are also frequently present in urban streams (Meyer, Paul and Taulbee 
2005; Wenger et al. 2009) and the effects of having such metals in a riparian ecosystem is 
largely uninvestigated. Further investigation is required to determine whether heavy metals 
present in stream water become bioavailable and are taken up into plant tissue, and thus 
possibly further into the food chain and ecosystem.  
96 
 
Strontium in particular is a heavy metal that has been associated with urban waterways, with 
higher concentrations of strontium correlated with areas of greater urban development 
(Christian, Banner and Mack 2011). One study (Purdy and Wright 2019) has demonstrated 
that concrete surfaces leach strontium into water (see Chapter Two of this thesis for more 
detail). The findings described in Chapter One of this thesis also indicate that strontium is 
present in higher concentrations in the water and sediment of BMUS, which may be due to 
contamination by urban concrete surfaces in the catchment of urban swamps. If strontium is 
taken up by plants near urban waterways, then it could potentially be used as an ecosystem 
marker to evaluate the extent of urbanisation in water, soil and plants (Christian, Banner and 
Mack 2011). This idea was not supported by the findings described in Chapter One, as tea 
tree tissue in urban and non-urban BMUS areas did not differ significantly in strontium 
concentrations; however, further investigation is needed in a controlled laboratory 
environment to determine whether the bioaccumulation of strontium may occur in different 
species under different water and growth conditions. 
This study aimed to: 
• Explore how urban water, particularly concrete-exposed water, affects the growth and 
development of a prevalent weed species in the Sydney and Blue Mountains regions, 
Salix babylonica (weeping willow) 
• Investigate whether the heavy metals leached into water via concrete exposure are 
bioavailable and taken up by this species into its tissue 
• Examine the potential use of strontium as a heavy metal ‘marker’ to trace the level of 
concrete exposure through ecosystems. 
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3.2 Materials and Methods 
3.2.1 Study species and experimental setup 
Branches of an invasive willow species (Salix babylonica) were collected from five willow 
trees located across the Hawkesbury-Nepean and Blue Mountains regions – Glenbrook, 2773 
(33.763947, 150.618192), Penrith, 2750 (-33.760343, 150.651611), Emu Plains, 2750  
(-33.752818, 150.672909), Richmond, 2753 (-33.592661, 150.741918), and Windsor Downs, 
2756 (-33.677570, 150.812867). More than one parent tree was selected to ensure that any 
growth differences occurring across treatments were not due to characteristics of the parent 
tree.  
This species was chosen as it grows quickly and is easy to grow in laboratory conditions. 
Additionally, it is listed as a problematic weed species in BMUS communities and the wider 
Sydney region (Blue Mountains City Council 2016) due to its ability to spread vegetatively 
and by seed (Webb and Erskine 2003) and apparent ability to exploit the conditions in urban 
BMUS. Willows are also common in riparian zones across Australia as they were planted for 
aesthetic benefits and to control streambank erosion caused by the prior removal of native 
species (Webb and Erskine 2003). However, willows have detrimental effects on riparian 
ecosystems, including reduced channel capacity, channel diversion and erosion, increased 
sediment loads and increased flooding, which can affect water quality and river health 
(Stokes and Cunningham 2006). Hence, results of this study showing how this species grows 
under different conditions may have management implications. 
The branches were trimmed to approximately 30cm cuttings and were stripped of all leaves 
and shoots. A pilot study of this experiment conducted prior to this thesis (Purdy and Wright 
2019) showed that thicker branches tended to grow more leaves more quickly; thus, in this 
study, branch diameters were standardised so that only branches with diameters from 0.3-
0.6cm were selected. 
Willows were placed in four different water treatments: unmodified water, collected from the 
naturally vegetated Mt Hay swamp, Leura, urban BMUS water, collected from the Bullaburra 
swamp (for more detail on BMUS locations and attributes, see Chapter One – 1.2 Materials 
and Methods) and two concrete pristine water from the same swamp recirculated for 60 
minutes through a whole concrete pipe or through 20mm RCA. Previous results verified that 
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the four different water types differed significantly in pH, EC, and concentrations of various 
metals and ions (see Chapter Two – 2.3 Results). 
Branches were placed individually in plastic 500mL beakers, filled with 400mL of the 
respective water treatment and covered with plastic wrap to minimise evaporation, with a 
small hole left for the cutting. Branch collection and placement in beakers occurred on a 
single day (12/04/2019; Figure 33).  
The plants were randomly assigned positions in a growth room, where they were exposed to 
24-hour light (Philips ‘cool white’ TLD36W/840) and approximately constant temperature. 
Minimal temperature fluctuations occurred throughout the growth period, from 20-21 degrees 
Celsius, measured with a Livingstone maximum-minimum thermometer. Beakers were 
topped up to 400mL with deionised water on a fortnightly basis and, every fortnight for the 
first six weeks of the experimental period, the pH and EC of 5 random beakers from each 
treatment were measured.              
 
Figure 33. Willow branches a) when first collected, b) when first planted, c) at 3 weeks 
growth, and d) at 6 weeks growth (Katherine Purdy 2019).                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                         
a)        b) 
c)        d) 
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3.2.2 Harvest and plant growth measurements 
Plants were harvested on the 04/06/2019, after 7.5 weeks of growth. For each plant, 
maximum shoot and root length, stem height, the length of five random adult leaves, and 
whole plant wet weight were measured (Figure 34). Maximum root length was measured as 
the length of the longest root, with the root straightened perpendicular to the main stem or 
trunk of the plant. Maximum shoot length was measured as the length of the longest stem 
growing from the main willow trunk and leaf length was the distance from tip to tip of the 
leaf. Stem height refers to the total length of the main trunk of the plant, from base to tip. Wet 
weight was measured using an electronic balance (AND FX-3200) and separate weigh-boats 
were used for each plant, to prevent cross contamination. 
 
 
Figure 34. Willow growth measurements taken at harvest (Katherine Purdy 2019). 
  
Max. root length 
Stem/trunk 
Max. shoot length 
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3.2.3 Leaf area measurements 
Leaf area measurements were taken from five randomly selected plants from each treatment 
group. Leaves were plucked gently from the plant, placed in a scanner and scanned in colour 
(Figure 35). The scanner was wiped with ethanol and allowed to dry in between plants to 
ensure that no contamination between plant tissue occurred. A ruler was placed on the 
scanner for scale. Leaf area measurements were processed using ImageJ software (Rasband 
1997-2018) and the protocol developed was based on Glozer (2008). For each image, a scale 
was established using the ‘Analyze’ then ‘Measure’ function, using the scanned ruler as a 
reference measurement. Then the background was removed from the image using the 
‘Process’ menu with the ‘Subtract background’ option. The ‘Rolling ball radius’ used was 50 
pixels with the ‘light background’ option. The colour channels of the image were split using 
the ‘Image’ then ‘Colours’ menu, with the ‘Split channels’ option. The blue channel image 
was kept, while the red and green were discarded. To make the leaf tissue as dark as possible 
for analysis, the ‘Threshold’ settings in the ‘Adjust’ option of the ‘Image’ menu were 
changed, with the lower sliding adjustment moved until the maximum amount of red 
occurred on the leaves with the minimum amount of colour in the background. Finally, leaf 
area was analysed, using the ‘Analyze particles’ option from the ‘Analyze’ menu, with the 






Figure 35. Analysis of leaf area – a) scanning of leaves, b) initial import of scan to 
ImageJ software, c) removal of background and splitting of colour channels, and d) 
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3.2.4 Drying and preparation of leaf tissue 
All plants were then stored in paper bags and kept at 20 degrees Celsius for 1.5 weeks, after 
which they were placed in an incubator (Labec incubator S4218) for 9 days at 38.5 degrees 
Celsius, from 17/06 – 25/06 (Figure 36). Plants were removed from the oven when the 
weights of five random plants taken a day apart varied by less than 0.05g, indicating that the 
plants were fully dry. For each plant, whole dry weight was measured. The shoots, leaves and 
roots were then separated from the main trunk and their dry weight was taken, to measure the 
weight of the new growth of the plant during the experimental period. Shoots and leaves were 
then weighed separately, as were roots. For all weight measurements, an electronic balance 
was used (AND FX-3200). 
 
Figure 36. Weighing (a) and drying (b) of the willow samples (Katherine Purdy 2019).  
 
  
a)    b) 
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3.2.5 Analysis of metals in plant tissue 
For analysis of tissue content, plants were randomly divided into 5 replicates consisting of 6 
plants each, for each treatment group. The shoots and leaves of the six plants in each 
subgroup were ground up using an electronic coffee grinder (Sunbeam Multigrinder II). 
Shoots and leaves were placed in the coffee grinder and were ground for 2-4 minutes in 20 
second bursts until a fine powder was produced. Each subgroup was then sieved through an 
850-micron sieve and stored in a sterile plastic tube (Figure 37). In between samples, the 
grinder and sieve were rinsed with deionised water and dried with a hairdryer, to prevent 
cross contamination. 
Samples were then sent to a NATA accredited laboratory, where concentrations of 16 metals 
associated with urbanisation were tested for: arsenic, barium, cadmium, chromium, copper, 
manganese, molybdenum, nickel, lead, titanium, strontium, lithium, aluminium, iron, and 
zinc. Metal concentrations were determined using ICP-AES (Envirolab Services Pty Ltd, 
personal communication 11 July 2019). 
Figure 37. Processing of plant material for analysis – a) sieving the ground plant 
material at 850 micron and b) the final processed material (Katherine Purdy 2019).  
  
a)        b) 
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3.2.6 Statistical analyses 
Data was analysed using RStudio (RStudio Team 2016). Normality of data was assessed 
using the Shapiro-Wilk test and homoscedasticity was evaluated using Levene’s test, using 
the ‘car’ package (Fox and Weisberg 2019). Data was non-normal (p < 0.05) and variances 
were not equal (p < 0.05), thus Kruskal-Wallis tests were used as a non-parametric alternative 
to assess whether differences in growth and in tissue metal concentrations were significant 
between treatments. The threshold of significance chosen was 0.05, thus any results with p-
values less than 0.05 were considered significant. A Dunn’s posthoc test with Bonferroni p-
value correction in the ‘FSA’ package (Ogle, Wheeler and Dinno 2019) was used for any 
measurements that were shown to significantly differ to assess which treatment groups 
differed. All graphs and figures were produced using Microsoft Excel (Microsoft 2019). 
For growth measurements, treatment group averages were calculated based on the 30 plants 
in each treatment group (n=30, total n=120). For leaf area measurements, averages were 
calculated based on five random plants chosen from each treatment group (n=5, total n=20). 
For the metal tissue content, averages were calculated based on five samples for each 






3.3.1 Water treatment quality changes 
The four water treatments began at very different pH and EC values (Table 18; Figure 38; see 
Chapter 2 – 2.3 Results for more details). Pristine BMUS had the lowest average starting pH, 
at 4.89 pH units, while pristine BMUS water recirculated in 20mm RCA had the highest 
average starting pH at 8.91 pH units. Similarly, pristine BMUS had the lowest starting EC, at 
27.88μs/cm, while RCA-recirculated water had the highest, at 340.04μs/cm. Over the course 
of the experimental period, the average pH of the pristine BMUS water increased, while the 
average pH of the other three water treatments decreased. The RCA-recirculated water had 
the highest concluding pH, followed by the pristine BMUS water. Similarly, the mean EC of 
the pristine BMUS water increased, while the mean EC of the other three water treatments 
decreased. However, the relative order of EC was the same after six weeks as at the start of 
the experiment. 
 
Table 18. Means of water quality measurements (pH – pH units and EC – μs/cm) over 
the first 6 weeks of the experimental period. Means are calculated based on 5 random 






0 2 4  6 Overall change 
Water 
treatment 
pH EC pH EC pH EC pH EC pH EC 
Pristine 4.89 27.88 5.36 26.88 5.26 26.32 5.85 39.40 0.96 11.52 
Urban 7.53 129.28 6.80 100.04 5.32 46.60 4.94 76.00 -2.60 -53.28 
Whole 7.42 81.82 6.68 61.70 5.38 37.80 4.97 16.63 -2.45 -65.20 
RCA 
(20mm) 




Figure 38. Average pH (a) and EC (b) changes of pristine BMUS water (blue), urban 
BMUS water (grey), pristine BMUS water recirculated through a whole concrete pipe 
for 60 minutes (green) and pristine BMUS water recirculated through 20mm RCA for 
60 minutes (orange) over the willow growth period. Averages are calculated based on 5 













































































3.3.2 Plant growth 
Plant growth differed significantly between treatment groups for all measured growth 
parameters except whole dry weight (Figure 39; Figure 40; Figure 41; Table 19). For all 
growth measurements, plants grown in RCA recirculated water had the highest values (‘RCA 
plants’), followed by plants grown in urban swamp water (‘urban plants’), then plants grown 
in whole pipe recirculated water (‘concrete pipe plants’), and finally by plants grown in 
pristine BMUS water (‘pristine plants’). The only exception to this was for the dry weight of 
the shoots and leaves, for which the means for RCA plants and urban plants were equal.  
For maximum shoot length, maximum root length, average leaf area, the dry weight of new 
growth, and shoot and leaf dry weight, a post-hoc Dunn’s test showed that significant 
differences occurred between pristine plants and RCA plants, pristine plants and urban plants, 
and pristine plants and concrete pipe plants (p<0.05; Figure 39; Figure 40; Figure 41; Figure 
42; Table 19; Table 20).  
For whole plant wet weight, a Dunn’s test showed that a significant difference between 
pristine plants and RCA plants occurred (p<0.01), while for root dry weight, significant 
differences were observed between pristine plants and RCA plants, RCA plants and urban 
plants, pristine and urban plants, and RCA and concrete pipe plants (p<0.001; Figure 41). 
Significant differences were observed between treatment groups for average number of 
leaves, total leaf area and average individual leaf area (Figure 42; Table 20). Urban plants 
had the highest average number of leaves and the greatest total leaf area, while pristine plants 
had the fewest and the lowest. However, pristine plants had the highest average individual 
leaf area, while urban plants had the lowest.  
For average total leaf area and average number of leaves, a Dunn’s posthoc test showed that a 
significant difference was observed between pristine plants and urban plants (p<0.05; Figure 
42). For average individual leaf area, significant differences were observed between pristine 




Figure 39. Mean (±SE) of measured growth parameters for willow trees grown in each 
water type. Different colours indicate different water types, as shown in the figure 
legend. Different letters on top of bars indicates significant difference according to a 







































Figure 40. Mean (±SE) of measured growth parameters for willow trees grown in each 
water type. Different colours indicate different water types, as shown in the figure 
legend. Different letters on top of bars indicate significant difference according to a 































Figure 41. Mean (±SE) of dry weights for willow trees grown in each water type. 
Different colours indicate different water types, as shown in the figure legend. Different 
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Table 19. Summary statistics of measured growth parameters with significance test results. Maximum shoot and root lengths are given 
to 1 decimal place, due to equipment measurement accuracy. All other measurements are given to 2 decimal places, as are chi-squared 
values. Significance of difference (p-values) is given to 3 significant figures and significance is indicated as * (p < 0.05), ** (p < 0.01), and 
*** (p < 0.001).











8.34 6.2 – 
29.5 
13.44 4.4 – 
20.7 










11.79 9.3 – 
35.7 
22.38 14.1 – 
31.7 












4.66 3.54 – 
9.42 
5.52 2.52 – 
9.98 














10.68 4.02 – 
18.23 










3.20 1.97 – 
7.21 
3.81 1.87 – 
5.77 






Dry weight of 
new growth (g) 
0.10 – 
1.53 
0.47 0.25 – 
2.06 
0.90 0.17 – 
1.40 




3 0.00000220 *** 
 





0.40 0.17 – 
1.87 
0.78 0.12 – 
1.26 











0.07 0.06 – 
0.20 
0.11 0.04 – 
0.17 










Figure 42. Mean (±SE) of leaf area measurements for willow trees grown in each water 
type. Averages are calculated based on 5 random plants chosen from each water 
treatment. Different colours indicate different water types, as shown in the figure 
legend. Different letters on top of bars indicates significant difference according to a 











































































































Table 20. Summary statistics and significance testing results for leaf area data. Chi-squared values are given to 2 decimal places. 
Average number of leaves is given to the nearest whole leaf, while total leaf area is given to 1 decimal place, and average individual leaf 
area is given to 2 decimal places, due to equipment accuracy. Significance of difference (p-values) is given to 3 significant figures and 
significance is indicated as * (p < 0.05), ** (p < 0.01), and *** (p < 0.001).










5 - 35 15.80 46 - 98 66.60 34 - 69 55.40 29 - 89 52.80 10.34 
 
3 0.0158 * 
 




475.68 731.1 – 
1463.5 
880.32 724.1 – 
735.7 
732.34 735.4 – 
1449.4 
878.30 8.37 3 0.0390 * 
Average 
individual leaf 
area (cm2)  
15.79 – 
61.30 
38.65 9.49 – 
15.99 
13.37 10.59 – 
21.64 










3.3.3 Metal concentrations in willow tissue 
Differences in multiple metals were observed across plants grown in the four different water 
treatments (Table 21; Figure 43). For barium and strontium, significant increases in tissue 
concentrations were observed when comparing pristine plants to the other plant types 
(p<0.001; Table 21; Table 22; Figure 43). A Dunn’s post-hoc test revealed that barium 
concentrations differed significantly between pristine and RCA plants, while strontium 
concentrations were significantly different for pristine and RCA plants and RCA and concrete 
pipe plants. When comparing the tissue content of plants grown in pristine BMUS water to 
plants grown in the other three treatments as a percentage increase, the greatest percentage 
increase in barium concentrations, which was also the greatest percentage increase overall in 
metal concentrations, was between pristine and RCA plants (approximate increase of 154%; 
Table 22). The greatest percentage increase in strontium concentrations was approximately 
137%, which was also between pristine and RCA plants. 
For copper and aluminium, decreases in metal tissue concentrations were observed for 
pristine plants compared to all other treatments (Table 22). The difference in aluminium 
concentrations was significant, with a significant difference observed between pristine and 
urban plants (p<0.01; Table 21)).  
A mixture of increases and decreases in metal concentrations were observed for all other 
metals when comparing pristine BMUS water to the other three water types (Table 21; Table 
22). Manganese and zinc concentrations in willow tissue decreased between pristine and 
urban plants but were elevated for concrete pipe and RCA plants when both types were 
compared to pristine plants. Iron concentrations decreased between pristine and urban plants 




Table 21. Summary statistics for concentrations of selected metals in willow tissue (mg/kg) for which differences were observed across 
treatment groups. Average metal concentrations are presented to 2 decimal places, as are chi-squared values. Significance of difference 
(p-values) is given to 3 significant figures and significance is indicated as * (p < 0.05), ** (p < 0.01), and *** (p < 0.001) 
 Pristine Urban Whole pipe 20mm RCA Kruskal-Wallis test results 
Metal 
(mg/kg) 
Range Mean Range Mean Range Mean Range Mean Chi-
squared 
df p-value 
Barium 12.00 – 
21.00 
16.40 22.00 - 
27.00 
23.83 20.00 - 
29.00 




3 0.000803 *** 
 




10.00 11.00 - 
14.00 






Manganese 60.00 – 
110.00 
76.00 68.00 – 
88.00 
75.67 63.00 – 
98.00 






Strontium 24.00 - 
36.00 
28.80 38.00 - 
43.00 
40.83 33.00 - 
34.00 




3 0.000567 *** 
 
Aluminium 8.00 - 
18.00 
11.60 4.00 - 
7.00 
8.80 7.00 - 
10.00 




3 0.00489 ** 
 
Iron 39.00 – 
110.00 
61.00 45.00 - 
80.00 
58.67 44.00 – 
59.00 






Zinc 37.00 - 
75.00 
54.80 33.00 - 
67.00 
50.67 48.00 - 
67.00 








Table 22. Percentage increase (%) of average metal tissue contents for plants grown in 
each of the four water treatments. Percentage increases are calculated relative to plants 
grown in pristine water, i.e. percentages in the ‘urban’ column represent the percentage 
increase of metal content for plants grown in urban BMUS water relative to plants 
grown in pristine BMUS water. A negative percentage increase indicates that a decrease 
in metal concentration was observed.
 Water treatment 
Metal Urban Whole pipe 20mm RCA 
Barium 45.30 43.29 153.66 
Copper -28.57 -14.29 -25.71 
Manganese -0.43 4.61 17.37 
Strontium 41.77 27.33 137.50 
Aluminium -55.43 -31.03 -24.14 
Iron -3.82 -13.39 5.25 
Zinc -7.54 11.92 12.77 
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Figure 43. Mean chemical composition of selected metals for willow foliage grown in 
pristine BMUS water, urban BMUS water and pristine BMUS water after being 






















































3.4 Discussion and Conclusions 
3.4.1 Willows in urban water treatments exhibited increased growth 
In this study, willows grown in urban water treatments exhibited greater growth than those 
grown in pristine BMUS water. Overall, from all measured growth parameters, willows 
grown in RCA recirculated water showed the greatest growth, followed by plants grown in 
urban BMUS water, then those grown in whole concrete pipe recirculated water, and finally 
willows grown in pristine BMUS water. Thus, results suggest that urban water, particularly 
concrete-exposed urban water, encourages the growth of Salix babylonica. This concurs with 
the findings of a pilot study conducted prior to this thesis (Purdy and Wright 2019), which 
showed that plants grown in whole concrete pipe exposed water had, on average, longer 
maximum shoot and root lengths, greater average leaf lengths, and greater new growth. To 
the best of our knowledge, there are no other laboratory studies investigating how urban 
water, particularly concrete exposed water, affects the growth of a weed species, or indeed 
any plant species, and thus results of this study are unique in suggesting that urban water 
conditions favour plant growth. 
Water from the different treatments differed in a number of factors, including pH, EC, and 
concentrations of various metals and ions, all of which likely play a key role in the 
differences seen in plant growth. pH in particular can have an impact on plant growth; 
however, most studies focus on soil pH as a determinant of growth rather than water pH. For 
example, in tomato seedlings, at soil pH levels of 4 and 8, plant growth reduced drastically, 
but appeared to be optimum at a pH of 6 (Kang et al. 2011). Soil EC can also play an 
important role in plant growth, as salt stress can reduce growth, and salt tolerance depends on 
the plant species (Kang et al. 2011). The soil pH and EC for maximum growth appears to 
vary significantly for different species and different soils and thus optimum pH and EC 
cannot be predicted (Buchanan, Hoveland and Harris 1975). As soil pH and EC are such 
critical factors in plant growth, it seems highly likely that water pH and EC in this study 
would have contributed significantly to the observed growth differences. 
Furthermore, many of the metals present in the different water treatments are important plant 
micronutrients. For example, iron, manganese, zinc, copper, magnesium, molybdenum and 
nickel are essential for plant growth and metals with unknown biological functions such as 
cadmium, chromium, lead, cobalt, silver, selenium, and mercury can also be taken up into 
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plants and accumulated (Tangahu et al. 2011). Metal deficiency or toxicity can have a range 
of effects on plant growth, including slow growth, stunted root growth and lack of fine root 
fibres, and fewer leaves, while sufficient metal concentrations will enable optimum growth 
(Wang et al. 2006). Therefore, differing metal concentrations between water treatments likely 
play a role in the observed growth differences. 
Additionally, pH plays a key role in the uptake of metals by plants, as pH can influence the 
chemical form of metals in water and soil (Yang, Du and Bao 2011). Kang et al. (2011) noted 
that pH affected uptake of metals such as magnesium and calcium in tomato seedlings, with 
high pH increasing magnesium uptake, but decreasing calcium uptake. Wang et al. (2006) 
examined the interaction between pH and plant metal uptake in alpine pennygrass and results 
indicated that, for soil with high metal concentrations, low pH conditions, which were related 
to greater metal uptake, were associated with the greatest plant growth. For soil with low 
metal concentrations, intermediate pH conditions were associated with the greatest growth. 
The authors hypothesise that, at low pH levels, plants were better able to uptake metals that 
act as important micronutrients and thus growth was optimised. pH therefore can have a 
primary role in determining the solubility and thus bioavailability of metals and ions, which 
in turn will affect the uptake ability of the plant. However, if metal solubility is enhanced by 
pH, this can lead to increased metal uptake, and metals can become toxic to the plant (Kang 
et al. 2011). Low pH values, for example, are often associated with aluminium and 
manganese toxicity (Buchanan, Hoveland and Harris 1975). The influence of pH on metal 
uptake and plant growth is therefore not clear as differing growth results have been observed. 
However, as water treatments differed in pH and metal concentrations, it is likely that the 
different pH values influenced the bioavailability and uptake of metals by the willow plants, 
which would in turn affect plant growth. 
As water treatments in this study differed in numerous factors, all of which are known to 
have an influence on plant growth, further investigation is required to determine the factors 
responsible for the greater growth observed in plants in concrete exposed and urban swamp 
water. Given the complexity of plant uptake of nutrients and metals and the influence of pH, 
EC and numerous other factors on this process, it seems highly likely that this greater growth 
may be due to a complex interaction of factors rather than one single factor. Future research 
may focus on determining how each factor affects plant growth, by changing one factor at a 
time in growth studies. Additionally, further studies would benefit from examining other 
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differences that may occur for plants grown in different treatment water, such as water usage 
and stomatal property differences. Investigating these properties would perhaps assist in 
determining why plant growth is different across water treatment groups. 
Urban riparian areas frequently have greater growth of weed species at the apparent expense 
of native species (Ehrenfeld and Schneider 1991; Grella, Renshaw and Wright 2018; 
Leishman, Hughes and Gore 2004). Most previous research attributes the success of invasive 
species to elevated nitrogen and phosphorous levels in soil and water (Paul and Meyer 2001); 
however, in the case of BMUS, weed invasions are prevalent in urban catchments without 
increased nitrogen and phosphorous (Carroll, Wright and Reynolds 2018). As willows in the 
urban BMUS water and willows in the pristine BMUS exposed to two types of concrete 
exhibited greater growth than willows in pristine BMUS water, results of this study indicate 
that concrete may be providing a growth advantage to invasive species, by chemical, ionic 
and metallic modification of urban waterways and their surrounding environments. This may 
help to explain the differences in vegetation seen between urban and non-urban BMUS and 
urban and non-urban riparian zones.  
3.4.2 Elevated metal concentrations in willow tissue of urban water treatments 
In this study, willows grown in the three urban water types (urban BMUS water and pristine 
BMUS recirculated in a whole concrete pipe and 20mm RCA, respectively) had higher 
concentrations of barium and strontium than willows grown in pristine BMUS water. 
Correspondingly, strontium concentrations in the three urban water types and barium 
concentrations in urban BMUS and 20mm RCA recirculated water were significantly higher 
than those in pristine BMUS (Table 23; Figure 44). Thus, the results of this study indicate 
that barium and strontium were bioavailable, taken up by willow plants, and accumulated in 
tissue. Concentrations of barium and strontium in plant tissue across the different treatments 
reflected concentrations in the corresponding water treatment, with the one exception of 
barium concentrations in whole pipe recirculated water. Regardless, results therefore suggest 
that barium and strontium may be used as markers of urbanisation, and particularly of 
concrete exposure (see Chapter Two for further discussion), in Salix babylonica and perhaps 
in other plant species. Further research is required to determine whether this effect extends 
beyond willows and whether higher strontium concentrations are seen in the tissue of plants 
in urban wetlands and riparian zones. 
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For other metals, plant tissue content results did not directly reflect the composition of their 
respective water treatments. For example, willows grown in pristine BMUS water had 
significantly higher concentrations of aluminium in their tissue compared to plants grown in 
urban swamp water, whole pipe concrete recirculated water, and RCA recirculated water. 
This is surprising considering the significantly higher concentrations of aluminium present in 
the RCA recirculated water (Table 23; Figure 44). However, whole pipe recirculated water 
and urban BMUS water did have significantly lower concentrations of aluminium than the 
pristine BMUS water. As well as this, water recirculated through the whole concrete pipe had 
significantly higher concentrations of chromium, manganese, lithium, and titanium, and water 
recirculated through the 20mm RCA had significantly higher concentrations of arsenic, 
chromium, lead, lithium, manganese, molybdenum and titanium (see Chapter Two – 2.3 
Results for more detail). Differences in these metals were not seen in willow tissue – no 
differences were observed for chromium, lithium, titanium, arsenic, lead, and molybdenum 
and differences in manganese concentrations were not significant. Regardless, results of this 
study indicate that metals released by concrete materials are bioavailable and can transfer into 
the tissue of Salix babylonica. 
Interestingly, results for this experiment differ to those of a pilot study conducted prior to this 
thesis with almost identical methods, but only two treatment groups. Purdy and Wright 
(2019) grew willows in pristine BMUS water (P) and whole pipe (WP) concrete recirculated 
BMUS water and found that pristine plants had significantly higher tissue concentrations of 
zinc and aluminium, while concrete plants had significantly higher tissue concentrations of 
barium, copper, manganese, lead, and strontium. In the current study, copper, manganese, 
lead, and zinc results were not significant. However, in general, copper concentrations were 
highest in pristine plants (P > WP > RCA > U), manganese concentrations were higher in 
concrete-exposed plants (RCA > WP > U > P), no differences in lead concentrations were 
observed and zinc concentrations were higher in concrete plants (RCA > WP > P > U). 
However, in the previous study, roots, shoots and leaves were analysed for metal 
concentrations, while in this study only shoots and leaves were included. Differences in the 
metals taken up by plants are thus perhaps due to the location of metal storage in the plant. 
Future investigations would benefit from separating plant parts (roots, shoots, and leaves) and 
analysing metal concentrations in each component, to better understand how Salix babylonica 
takes up and stores metals. This would also be beneficial in assessing whether metals 
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accumulating in willows are likely to be transported further up the food chain, depending on 
where in the plant they are accumulating and whether these parts are likely to be eaten or not. 
Additionally, in Purdy and Wright (2019), metal concentration differences more directly 
reflected concentration differences in the respective water treatments. For example, strontium 
and copper concentrations were significantly higher in whole concrete pipe recirculated 
water, and, correspondingly, were significantly higher in plants grown in that water. 
However, this apparently direct relationship was not the case for all metals, with barium and 
manganese concentrations being higher in pristine water than in concrete exposed water, but 
lower in pristine plants.  
Differences in metal uptake may be due to the physiochemical properties of the respective 
water treatments. As many of the studied metals are key plant micronutrients, this may 
contribute to the differences in metal uptakes between the plants (Tangahu et al. 2011). 
However, water quality changes throughout the experimental period may also have 
contributed to plant metal uptake. Over the growth period, EC remained different between 
treatments, although it reduced quite significantly, perhaps due to the plants taking up ions or 
to metals and ions precipitating out of the water. pH values, however, varied greatly over the 
course of the experimental period and the pH of the different treatments did not remain in the 
same hierarchy. Originally, the RCA treatment had the highest pH, followed by the whole 
concrete pipe water, then urban BMUS water, and finally pristine BMUS water. At the end of 
the experimental period, RCA water still had the highest pH, but surprisingly, the pristine 
swamp water had the next highest, followed by the whole pipe recirculated water, and finally 
the urban swamp water. The range of pH was much larger at the beginning of the experiment 
(4.89 – 8.91; range of 4.02) than at the end of the experiment (4.94 – 6.73; range of 1.79).  
3.4.3 Future research recommendations 
As both pH and EC play key roles in metal bioavailability (Yang, Du and Bao 2011), the 
changing conditions over the course of the experimental period may have affected the way in 
which metals were taken up at different points throughout the experiment. Future research 
would benefit from monitoring the chemical changes occurring in the water treatments, to see 
if these changes occur consistently. It would be interesting to investigate how metal 
concentrations in plant tissue change throughout the experiment as water quality parameters 
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change and thus perhaps future experiments could consider sampling plant tissue at different 
times throughout the experimental period.  
As well as this, future research could examine the growth and metal uptake of different 
species, particularly native species, across urban water types. Given that the tissue content of 
tea trees in urban BMUS does not appear to be affected by higher metal concentrations in the 
sediment and water (see Chapter One for more detail), it appears that there may be 
differences in how Leptospermum juniperinum and Salix babylonica take up and store metals. 
Additionally, native species have different optimum growth conditions to invasive species, 
with one study noting that a native species from the Hawkesbury sandstone soil community 
died when exposed to soil phosphorous levels of greater than 200mg/kg (Leishman and 
Thomson 2005). Therefore, examining a native species would be helpful in further 
investigating how urban water, particularly concrete exposed urban water, is likely to affect 
riparian vegetation communities. Future research might also involve growing plants from 
seeds rather than from a cutting and monitoring growth and tissue contents over a longer time 
period. 
Additionally, juvenile willow trees in this study were effective in taking up a range of metals. 
Other studies (Meers et al. 2007; Robinson et al. 2000; Vervaeke et al. 2003; Witters et al. 
2009) note the potential for willow species to be used in phytoremediation- the removal of 
heavy metal contaminants in the environment by growing plants that are able to take up the 
contaminants and accumulate them in their tissue. Willows are fast growing, deep rooted, 
easily propagated and, it seems, able to accumulate a variety of metal contaminants, 
particularly cadmium and zinc (Robinson et al. 2000). Most studies examine the potential for 
willows to extract heavy metals from soil or sediment; however, the results of this study and 
those of Purdy and Wright (2019) demonstrate the potential of Salix babylonica to remove 
metals from water. Willows therefore may be used in the phytoremediation of aquatic 
environments. Future studies would benefit from also evaluating metal concentrations in 
water both before and after willows have been grown in the water, to assess the effectiveness 






Table 23. Comparison of metal concentrations for which differences were exhibited in 
willow tissue concentrations, across the four different treatments for water (µg/L) and 
plant tissue (mg/kg). A ‘-’ indicates that the metal was not tested for. 
 Pristine BMUS Urban BMUS Whole pipe 20mm RCA 




















Ba 2.00 16.40 16.33 23.83 0.78 23.50 15.06 41.60 
Cu 0.00 14.00 0.00 10.00 9.64 12.00 12.03 10.40 
Mn 0.00 76.00 5.33 75.67 0.00 79.50 16.36 89.20 
Sr 0.00 28.80 43.00 40.83 13.97 36.67 129.39 68.40 
Al 380.00 11.60 40.00 5.17 305.28 8.00 661.39 8.80 
Fe - 61.00 - 58.67 - 52.83 - 64.20 






Figure 44. Comparison of metal concentrations for which differences were exhibited in 
willow tissue concentrations in a) willow tissue grown in four different water treatments 











































































































Discussion and Final Conclusions 
BMUS, urban stream syndrome and urban concrete infrastructure 
The results of Chapter One revealed that water chemistry of urban BMUS is significantly 
different to that of naturally vegetated BMUS – on average, urban BMUS have significantly 
higher pH and EC, significantly lower %DO, and significant ion and metal concentration 
differences (lower aluminium, higher barium, strontium, calcium, potassium, sodium, 
magnesium, bicarbonate, and chloride). Greater concentrations of metals in sediment in urban 
BMUS were also observed. Urban BMUS are therefore being degraded according to the 
urban stream syndrome (Belmer, Tippler and Wright 2018; Belmer, Wright and Tippler 2015; 
Kaushal et al. 2017). 
Chapter Two of this thesis adds to the growing evidence that concrete materials in urban 
catchments are contributing to the degradation of urban BMUS. When water from pristine 
BMUS was exposed to concrete materials such as whole pipe concrete and RCA, significant 
water chemistry changes occurred, including significant and rapid increases in pH and EC. 
Numerous changes in metal concentrations were also observed. All concrete types leached 
aluminium, barium, chromium, lithium, strontium, titanium, sodium, calcium, and potassium 
into pristine BMUS water. Both types of RCA released arsenic, molybdenum, manganese, 
lead, and magnesium. Therefore, results of this study indicate that concrete is a substantial 
and poorly recognised source of metal contamination, which may be ecologically hazardous 
to aquatic environments. As water recirculated through concrete materials caused very similar 
water chemistry changes to those seen in urban waterways, it is highly likely that the 
weathering of urban concrete infrastructure is playing a key role in the degradation and 
contamination of urban waterways (Connor et al. 2014; Kaushal et al. 2017; Tippler et al. 
2014; Wright et al. 2011). 
In the case of BMUS, patterns of ionic and metallic degradation are seen in urban BMUS that 
cannot be explained by the underlying sandstone geology or by sewage or wastewater sources 
(Carroll, Reynolds and Wright 2019). It therefore is much more likely that urban stormwater 
runoff is significantly contributing to the chemical differences seen in water and sediment 
between urban and naturally vegetated swamps. Additionally, when pristine BMUS water 




like those of urban BMUS (Figure 45). Contact with concrete therefore resulted in very 
similar chemical changes in pristine BMUS water to those seen in urban BMUS. Thus, it 
seems highly likely that impervious concrete surfaces in the catchment of BMUS are playing 
a key role in the chemical differences seen between urban and non-urban swamps. In 
particular, the recent development in the Blue Mountains region, involving the construction 
of extensive concrete drainage systems, means that it is extremely likely that any runoff 
entering urban swamps has had significant contact with concrete materials. For example, 
recent upgrades to the main arterial road of the Blue Mountains, the Great Western Highway, 
have included concrete pipes, gutters and stormwater drainage systems, and this probably has 
had a significant impact on the chemistry of swamps with urban catchment areas (Belmer, 
Wright and Tippler 2015). 
Given the high conservation value and vital ecosystem services attributed to BMUS, greater 
attention to their management and recovery is needed. Current management strategies to 
protect BMUS focus on reducing the physical damage to these fragile wetlands, such as 
channelisation and erosion. These strategies are aimed at easing the intense, high-energy 
water influxes, caused by rainfall flowing from urban hard surfaces. BMUS rehabilitation has 
also focused on removing exotic plant species to facilitate the regrowth of native swamp 
vegetation (Hensen and Mahony 2010). These strategies are vital to restoring heavily 
modified swamps to their natural physical states. However, urban BMUS are also 
significantly chemically modified; thus, future management and rehabilitation strategies must 
also incorporate the reduction of the chemical impacts of urban runoff on the swamps. 
Establishing accurate water chemistry baseline values, continual monitoring of swamp 
environments, and the implementation of water sensitive urban design (WSUD) in the Blue 
Mountains region are all essential strategies to restoring BMUS (Carroll, Reynolds and 
Wright 2019). 
Furthermore, the results of this study indicate that urban concrete infrastructure is 
significantly contributing to the degradation of urban streams, including pH and EC 
modification, heavy metal and ionic contamination, and sediment chemistry changes. Further 
investigation is required to evaluate the potential environmental impacts of concrete use near 
waterways and the impacts of different types of concrete, as composition of different concrete 
batch may vary (Wu et al. 2016). Future research might also examine the potential for 




use of an epoxy coating, as in Grella et al. (2014). Alternatively, materials that are consistent 
with the underlying geology of a region could be used as a concrete alternative, such as 
sandstone for the Blue Mountains Region. It is recommended that the weathering of concrete 
materials is considered in the development of future WSUD principles. Regardless, given the 
water chemistry impacts seen in this study due to concrete exposure, it is recommended that 
concrete infrastructure be used with extreme caution near fragile areas or areas of high 
conservation value, such as BMUS, or in areas within drinking water supply catchments. It is 
also recommended that guidelines are developed for the use of concrete near waterways, 
taking into account the significant and rapid leaching of concrete materials that can occur.  
 
Figure 45. Plot of average electrical conductivity vs. average pH for all surveyed 
swamps, with pristine swamps displayed in blue and urban swamps in grey, and 
pristine BMUS water recirculated through three different concrete treatments (green - 













































Further ecosystem effects of concrete infrastructure 
As urban streams exhibit significant chemical modification compared to naturally vegetated 
streams, this is likely to have broader ecosystem effects (Meyer, Paul and Taulbee 2005; Paul 
and Meyer 2001; Walsh et al. 2007). Urban riparian zones are frequently overrun by weed 
species, with little or no native vegetation present (Ehrenfeld and Schneider 1991; Grella, 
Renshaw and Wright 2018; Leishman, Hughes and Gore 2004; Tippler, Wright and Hanlon 
2012). This is often attributed to the higher concentrations of nitrogen and phosphorous in 
urban streams, due to agricultural and urban runoff (Leishman, Hughes and Gore 2004; Paul 
and Meyer 2001). However, urban BMUS are dominated by weed species despite having low 
to negligible concentrations of nitrates and phosphates (Carroll, Wright and Reynolds 2018). 
These relatively low nitrogen and phosphorous concentrations in degraded urban BMUS 
suggest that other water quality attributes are playing a role in the vegetation changes in 
BMUS ecosystems. Understanding the physiochemical causes of these vegetation changes is 
essential to future restoration efforts (Choi and Bury 2003). 
In Chapter Three of this thesis, willow plants grown in urban BMUS water and water 
previously recirculated through concrete materials exhibited significant growth differences to 
those grown in non-urban water, with ‘concrete plants’ having greater growth overall. Results 
of this study indicate that urban water, particularly concrete-modified water, seems to provide 
plants with a growth advantage, which may a key contributing factor in the dominance of 
invasive species in urban riparian zones and wetlands (Grella, Renshaw and Wright 2018; 
Paul and Meyer 2001). In areas like BMUS, where there is no significant difference in 
nitrates and phosphates between urban and naturally vegetated areas, it therefore seems 
highly likely that, instead, urban, concrete-exposed water is contributing to the success of 
weed invasions. 
Additionally, Chapter Three demonstrated that willow plants grown in concrete-treated water 
had higher tissue concentrations of metals leached from concrete, such as barium and 
strontium, indicating that such metals leached by concrete may be bioavailable. These metals 
therefore may transfer from urban streams into riparian ecosystems and may be 
bioaccumulated in plant tissue. However, these patterns of bioaccumulation were not 
reflected in Leptospermum juniperinum tissue samples from non-urban and urban BMUS, 




From the results of this study, it is unclear as to whether these differences are due to the way 
in which the two different plant species take up metals. Salix babylonica is an invasive 
species in the Sydney region, while Leptospermum juniperinum is a native species (Atlas of 
Living Australia 2019), and perhaps tea trees, as a hardy, native species, are more selective in 
their uptake of metals and ions. Willows are also widely recognised as phytoaccumulators 
(Meers et al. 2007; Pavlović et al. 2016; Robinson et al. 2000; Vervaeke et al. 2003; Witters 
et al. 2009), which means that they are more inclined to take up and accumulate metals in 
their tissue. This likely contributed to the differences in metal concentrations seen between 
willow and tea trees in this study. 
Furthermore, the willows used in this investigation were grown from cuttings, and the plant 
materials sampled had only had seven weeks growth. Conversely, the tea trees sampled were 
mature shrubs of unknown age. The uptake of metals and ions may potentially appear more 
consistent if plants of a similar age were sampled. As well as this, willows were grown in 
water under consistent laboratory conditions, while the sampled tea trees were growing in the 
soil of BMUS under varying weather, water and soil conditions. Hence, the more direct 
relationship between water tissue concentrations of metals exhibited in the willows may be 
because the transfer of metals from water to willow tissue would mostly be dependent on 
how bioavailable the metals are in the water – whether they are dissolved or not – while the 
uptake of metals by the tea trees would be determined by a wide variety of soil, water and 
plant characteristics.  
Future studies would benefit from investigating this apparent metal uptake in different 
species, both natives and exotics, of a consistent age and in a consistent medium (i.e. water or 
soil), to examine whether the metal uptake patterns seen in the laboratory component of this 
study occur under different conditions. A longer growth period for the lab grown plants 
would also be helpful in investigating long term patterns of plant metal uptake and tissue 
contents. Furthermore, field surveys of other urban and nonurban catchment areas would be 
helpful in assessing whether metals from urban streams actually become bioavailable and 





Suggested management strategies for streams with urban catchment areas 
Considering the association between water exposed to concrete and increased weed growth 
demonstrated by willow plants in this study, it is suggested that strategies to minimise the 
entrance of ion and metal contaminants into urban waterways are implemented. Ideally, a key 
strategy would be to minimise the use of impervious surfaces, particularly concrete, in urban 
areas. However, given the convenience, durability and widespread use of these surfaces, this 
seems impractical. Potentially, in the catchment areas of particularly sensitive and fragile 
ecosystems of high conservation significance, such as BMUS, the use of impervious surfaces 
in their catchment areas that are inconsistent with the underlying geochemistry should be 
minimised. Instead, where possible, more natural surfaces such as sandstone should be used. 
This would limit the leaching of alien components into nearby waterways and thus limit the 
chemical modification occurring in urban streams. Additionally, to minimise the 
hydrogeological effects of urban runoff, permeable pavements may be used, which absorb 
water and release it slowly, unlike impervious surfaces (Wenger et al. 2009). 
This study has demonstrated the potential for RCA in particular to cause rapid and significant 
chemical changes in water and to release a suite of ecologically hazardous metals, including 
lead and arsenic. It is therefore recommended that use of RCA materials is limited in the 
catchments of BMUS so that future water quality degradation may be minimised. RCA is 
increasingly becoming used as a cheap, convenient and ‘green’ aggregate for unsealed roads 
(Figure 46; Yang, Du and Bao 2011). As unsealed roads are common in more remote areas of 
the Blue Mountains, RCA use may increase in the catchment of BMUS. Indeed, RCA 
materials have already been observed in the catchment of the urban Bullaburra BMUS. Thus, 
guidelines for RCA use need to be quickly and efficiently developed so that BMUS may be 
better protected. Potentially, a region-specific WSUD strategy that minimises the use of 
concrete materials could be developed for the Blue Mountains. Such a strategy could 
incorporate the construction of rain gardens, restoration of native riparian vegetation, and use 
of grassy swale drains instead of hard concrete drains, which would all allow water to be 





Finally, it is recommended that WSUD strategies are implemented in all urban areas to 
minimise the degradation of streams with urban catchments. Strategies may include 
constructing detention basins to reduce the duration and frequency of intense water influx 
(Vietz et al. 2014) and retarding basins to minimise erosion and channelisation (Ladson, 
Walsh and Fletcher 2006). Furthermore, the capture and treatment of urban runoff through 
filtration and sedimentation before its release it into nearby waterways would also greatly 
assist in minimising chemical modification in urban waterways (Wenger et al. 2009).  
 
Figure 46. An example of RCA used as an aggregate for unsealed roads (Evans' 




Summary of Key Findings 
• Urban BMUS water is degraded according to the urban stream syndrome, with higher 
pH and EC, lower %DO, and higher concentrations of metals and ions such as 
calcium, bicarbonate, potassium, chloride, sodium, strontium, and barium. This is 
likely due to high influxes of urban stormwater runoff. 
• Urban BMUS sediment is similarly degraded, with higher concentrations of copper, 
nickel, titanium, strontium, and zinc. Wetland sediment in the Blue Mountains 
therefore appears to be acting as a ‘sink’ for urban pollutants. 
• Concrete materials, including whole concrete pipes and RCA, leach their components 
into water which has numerous chemical effects. Concrete exposed water is higher in 
pH, higher in EC, and higher in concentrations of metals such as aluminium, barium, 
chromium, lithium, strontium, titanium, sodium, calcium, and potassium. These 
changes are consistent with those seen in urban waterways all over the world, 
including in urban BMUS. Thus, it seems likely that the weathering of urban concrete 
infrastructure is contributing to urban stream degradation. This degradation is 
associated with a range of detrimental ecosystem effects and results of this study raise 
particular concerns regarding potentially toxic heavy metals from concrete materials 
entering ecosystems.  
• Water exposed to concrete appears to provide an invasive species, Salix babylonica, 
with a growth advantage, which may contribute to the success of invasive species in 
urban riparian zones. Additionally, metals leached into water from concrete surfaces 
appear to have the potential to become bioavailable and thus transfer into plant tissue, 
which may have broader ecosystem effects. 
• Barium and strontium appear to be key markers of urbanisation in BMUS water. 
These two metals were leached from all tested concrete materials and were both taken 
up and accumulated in willow tissue. Additionally, strontium was present at high 
concentrations in the sediment of urban BMUS. Barium and strontium therefore may 
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